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GUEST  EDITORIAL 


The  Second  European  Meeting  on  the  Applications  of  Polar  Dielectrics  was  held 
in  April  1992  to  celebrate  the  2Sth  Anniversary  of  the  Dielectric  Society.  Recog¬ 
nising  the  rising  importance  of  thin  films  of  ferroelectrics  for  a  wide  range  of 
applications,  the  meeting  also  incorporated  the  1st  International  Workshop  on 
Integrated  Ferroelectrics.  To  facilitate  international  participation  the  meeting  was 
held  at  Imperial  College,  Lx)ndon. 

Over  ISO  delegates  registered  for  the  meeting  from  27  countries.  Unfortunately, 
attendance  from  Eastern  Europe  was  limited  by  the  present  economic  and  political 
problems.  However,  the  generous  financial  support  provided  by  our  sponsors  en¬ 
abled  the  organisers  to  assist  the  attendance  of  many  from  this  region  and  to  provide 
reduced  attendance  costs  for  students. 

Reflecting  the  current  extent  of  interest  in  dielectric  materials,  175  abstracts  were 
submitted.  Topics  ranged  from  stable  ceramics  for  microwave  applications  to  or¬ 
ganic  crystals  and  polymers  with  high  non-linear  electro-optical  coefficients.  About 
one  sixth  of  the  contributions  were  concerned  with  the  preparation  and  properties 
of  thin  films,  particularly  those  involving  ferroelectric  materials.  A  wide  range  of 
sol-gel  and  vapour  phase  methods  are  still  under  development  for  piezoelectric, 
pyroelectric,  electro-optic  and  information  storage  devices. 

In  the  case  of  thin  films  for  electro-mechanical  applications,  processes  are  sought 
which  will  yield  multilayer  structures  that  give  large  movements  for  small  applied 
voltages.  For  information  storage,  it  is  already  possible  to  deposit  high  permittivity 
layers  on  silicon,  but  it  is  proving  more  difficult  to  produce  materials  exhibiting 
switchable  polar  states  that  retain  this  property  after  prolonged  exposure  to  the 
large  variety  of  switching  pulse  sequences  that  may  be  experienced  in  storage 
systems.  The  great  improvements  already  achieved  promise  eventual  success. 

For  electro-optical  applications,  the  possibilities  of  non-linear  behaviour  have 
been  expanded  by  the  use  of  organic  compounds  for  which  the  Langmuir  Blodgett 
technique  remains  an  important  means  of  obtaining  large  areas  of  oriented  mole¬ 
cules. 

The  uses  of  ferroelectric  ceramics  in  electro-mechanical  transducers  continue  to 
expand  with,  for  instance,  the  possibility  of  efficient  small  motors  based  on  surface 
waves.  New  compositions  offering  improved  electrostrictive  and  piezoelectric  prop¬ 
erties  are  being  developed.  The  behaviour  of  domain  walls  underlying  such  phe¬ 
nomena  as  the  poling  of  ceramics  and  the  changes  in  dielectric  properties  with  time 
are  under  scrutiny.  Models  explaining  the  interaction  of  lattice  defects  with  walls 
are  increasingly  successful.  High  permittivity  dielectric  ceramics  that  can  be  sintered 
with  base-metal  electrodes  in  situ  are  being  further  improved  by  combining  donor 
with  acceptor  substituents  so  as  to  minimise  the  concentration  of  vacant  oxygen 
sites  and  thereby  prolong  life  at  high  temperatures  under  high  fields.  High  stability 
dielectrics  continue  to  be  studied  for  microwave  applications  and  thin  organic 
polymer  films  as  constituents  of  silicon  circuits. 

The  main  objective  of  such  occasions  is  the  interchange  of  ideas  between  indi¬ 
viduals  and  the  encouragement  of  a  feeling  of  common  purpose  among  scientists 
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Abstract :  By  means  of  a  Synarmont  set  up  and  a  very  sensitive  method,  electro¬ 
optic  coefficients  in  BaTi03  are  accurately  determined  from  the  phase 
measurement  of  the  retardation  F  due  to  the  electric  field  induced  birefringence 
of  the  crystal.  Eleciro-optk  prtHMrties  are  investigated  as  a  functioa  of 
temperature  around  room  temperature.  A  very  large  value  of  the  coefficient  r42 
is  found,  in  agreement  with  previous  investigations.  In  addition,  this  coeffkknt 
is  shown  to  be  very  sensitive  to  temperature  even  for  a  very  small  change.  The 
importance  of  both  the  thermo-optic  effect  and  the  thermal  variation  of  electro¬ 
optic  properties  is  pointed  out  for  device  applications  of  BaTi03. 


INTRODUCTION 

Perovskite  oxide  crystals  are  well  known  materials  with  large  non-linear  optical  and 
electro-optical  (EO)  coefficients  ^  Among  this  family,  BaTi03  exhibits  the  largest  EO 
coefficient  which  has  been  detected^  It  leads  this  compound  to  be  promising  for 
various  optical  applications.  In  particular,  it  can  be  favourably  used  for 
photorefractive  applications  such  as  light  diffraction,  two-  or  four-  wave  mixing, 
phase  conjugating  mkror^,  or  for  EO  aM^icatioas,  such  as  bulk  or  waveguide 
modulators  or  switches^>^. 

EO  properties  are  known  to  be  strongly  affected  by  impurities  specially  iron 
doping^'^  or  oxygen  vacancies^.  The  accurate  determination  of  the  EO  coefficients  is 
needed  for  the  various  reasons  as  follows  i)  the  knowledge  of  the  figures  of  merit  and 
switching  voltage^  ii)  the  relative  contribution  of  electrons  and  holes  in  the 
photorefractive  properties^  iii)  the  influence  of  the  nature  and  concentration 
defects^.  We  have  recently  shown  that  the  thermal  variation  of  the  refractive  index 
via  the  thermo-optic  effect  has  to  be  accounted  for  in  order  to  obtain  correct  values 
of  the  EO  coefficients^.  Therefore  the  results  previously  reported^*  in  BaTi03  may 
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be  questionable.  Further  the  potential  applications  of  BaTi03  require  that  the 
coefficients  have  to  be  independent  of  temperature. 

Our  study  therefore  concerns  the  accurate  determination  of  the  EO  coefficients  in 
BaTi03  and  their  temperature  dependence  with  a  new  and  very  sensitive  method. 

ELECTRQ-QPTICAL  EFFECT  IN  BaTiQi 

Electro-optic  properties  in  BaTi03  (C4V  point  group)  can  be  described  by  the  three 
components  ri3,  r33  and  r42  of  the  EO  tensor. 

With  the  applied  electric  field  E-(E),E2.E3)  the  optical  indicatrix  is  given  in  the 
principal  axis  system  of  the  crystal  without  field  by  : 


0) 


+2r4jXzE,  +2r42yzE2  *1 

where  Og  and  n^  are  respectively  the  ordinary  and  extraordinary  refractive  indices. 
The  EO  r42  coefficient  is  determined  in  the  transverse  configuration  when  the  electric 
field  is  along  the  x  axis  and  the  light  propagation  along  the  y  axis. 

With  E-(E,0,0),  eq  1  becomes  : 


X*  y  y 


,  +2r«x2E  =1 
n„  n!  n! 


(2) 


The  indicatrix  can  be  expressed  in  a  new  axis  system  (primed  axes)  by  a  rotation 
through  an  angle  6  around  the  y  axis  : 


+2r«Ecos((?)sm(»)  j +Y^2  + 
-2r«Ecos(^)sin(fl)j  + 

2X'Z'^cos(»)sin(e)^^2  j +r42E(«>s*(9)  -sin*(»))j 


=1 


(3) 


where  the  axis  X’.Y*  and  Z*  are  the  principal  axes  of  the  indicatrix  if  the  last  term  of 
the  right  member  of  equation  3  is  equal  to  zero,  or  if : 

2r^H 

1  1 

“o 


taii(20) 


(4) 
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Introducing  the  condition  eq  4  into  eq  3,  we  obtain  : 


+r«Etan(«)  X'* 


r4,Etan(ff)JZ'*  »1 


(3) 


Since  the  rotation  angle  is  necessarily  very  small,  the  change  in  the  refractive  indices 
can  be  therefore  written  : 


«n.(E) 


5n,(E)  =0 


(6) 


Consequently,  the  phase  shift  between  the  x  and  z  light  polarization  components  is  : 


2xL, 

.(E)  — 


(E) 


(H) 


riE* 


(7) 


where  Ly  is  the  crystal  length  along  the  laser  propagation  direction  and  X  is  the  laser 
wavelength.  The  phase  shift  induced  by  the  external  electric  field  is  thus  a  function 
which  is  quadratic  in  field  magnitude.  The  T42  coefficient  is  determined  from  the 
measurement  of  ^zx  (E)  as  function  of  DC  applied  voltage  V«Ed,  where  d  is  the 
electrode  spacing. 


EXPERIMENTAL 

The  BaTi03  crystals  used  for  this  study  were  grown  by  the  Czochralski  method. 
Particular  attention  was  paid  in  order  to  obtain  single  domain  crystals  with  good 
optical  quality  by  the  application  of  appropriate  electric  field  and  thermal  gradient 
during  the  cooling  process  through  the  cubic  tetragonal  phase  transition.  A  nominally 
pure  sample  of  4.15x2.96x2.07mm^  size  and  a  0.133%  iron-doped  sample  of 
4.87x3.92x2.8Smm^  size  were  used.  They  were  cut  normal  to  the  principal  axes, 
polished  and  electroded  with  evaporated  gold. 

EO  coefficients  were  determined  with  a  new  method  described  elsewhere^  ^ 
which  is  based  upon  the  S4narmont  compensating  set-up.  The  optical  transmission  of 
such  a  system  follows  the  general  law  :  I  «  Ig  sin^  {r/2-0+r/4)  if  the  optical 

absorption  is  neglected.  In  this  equation  Ig  uid  I  are  respectively  the  input  and  output 
laser  intensity  and  F  the  phase  shift  introduced  by  the  sample.  F  can  be  caused  by  the 
natural  birefringence  and/or  by  its  variation  due  to  a  change  of  the  temperature, 
electric  field  or  strain  applied  to  the  sample.  The  method  consists  of  adding  an  AC 
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voltage  with  a  frequency  f  to  the  DC  voltage  and  to  measure  the  angle  02f  ^  ^ 
analyser  corresponding  to  the  detection  of  the  output  signal  with  the  frequency  2f. 

results 

The  EO  r^  and  142  coefficients  are  determined  in  the  ’pure”  and  the  iron-doped 
samples  for  various  modulation  frequencies.  Complete  results  are  presented  and 
discussed  elsewhere.  Here  we  focus  our  attention  on  the  14^2  coefficient  obtained  in 
the  *pure”  crystal  as  a  function  of  temperature  for  a  modulation  frequency  f>lkHz 
and  a  laser  wavelength  X^33nm. 

Figure  1  exhibits  the  value  of  the  angle  /92f<E)-r(E)/2  as  function  of  the  DC 
voltage  amplitude  V>Ed.  Data  obtained  for  increasing  and  decreasing  V  are  similar, 
which  is  indicative  that  no  memory  effect  or  optical  damage  is  induced  by  the  field. 
Fit  of  the  data  to  eq  7  yields  the  value  of  the  r^2  coefficient  for  a  given  temperature. 
The  values  of  the  indices  n^  and  n^  ate  taken  in  Ref.  12.  At  19.1*C,  we  find  the 
value  r42«  1776  pmV*. 


Applied  Voltage  (  V  ) 

FIGURE  1  Variation  of  the  retardation  angle  ff2f  ^  ^  applied  DC  voltage 

To  obtain  the  temperature  dependence  of  the  r42  coefficient,  we  repeat  the 
Mm*  measurements  around  room  temperature.  This  requires  a  perfect  stabilization  of 
the  temperature  for  each  data.  Indeed  the  measured  phase  shift  F  includes  the  value 
r(0)  wich  is  due  to  the  natural  birefringence  together  with  the  value  r(E)  which  is 
induced  by  the  field  via  the  EO  effect.  It  is  necessary  to  discriminate  between  both 
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thsM  contributxMis  duriac  tfae  metturaneata  of  F  ■  portiealaily  if  each  ooa 
depends  oa  the  temperature.  For  the  first  ooatributioB  we  find  A(S(2f^0)/dT>167 

degrees'C'*,  which  corresponds  to  a  thermal  dependence  of  the  natural  birefrintence 
of  &daxx(0)/5TBl.42  *10~^C~^.  This  very  large  dependence  determined  from  our 

modulation  technkiue  is  in  good  agreement  with  the  results  previously  aseasured  by 
other  techniques'^.  This  shows  that  the  determination  trf'  the  T42  coefficient  versus  T 
requires,  for  each  temperature,  the  measurement  of  the  difference  between  5fi2£  and 
A|92£<0).,  or  the  measurement  of  *  perfect  temperature  stabilisation.  In 

our  data,  the  temperature  is  assumed  to  be  constant  within  a  0.0rc  shift  The 
temperature  dependence  of  the  r42  coefficient  is  illustrated  in  figure  2.  A  very  large 
variation  of  the  value  of  r42  is  pointed  out  eveu  for  a  very  small  temperature  shift 
A  change  of  1*C  can  thus  lead  to  a  multiplication  of  the  value  of  r42  by  two.  A 
smaller  dependence  was  reported  in  Refs  14  and  IS,  when  a  wide  temperature  range 
was  considered.  The  understanding  of  such  dkrepancies  is  actually  in  progress  and 
involves  various  elasto-optic,  thermo-optic  effects. 


Temperature  (  *  C  ) 

FIGURE  2  Temperature  dependence  of  the  r42  EO  coefficient  of  pore  BaTi03 


The  extremely  large  dependence  on  the  temperature  of  both  the  natural  birefringence 
da2x(0)  and  the  electric-field  induced  birefringence  dji2x(E)  constitutes  the  main 
results  pointed  out  in  our  investigations.  The  first  consequence  concerns  the  necessity 
to  insure  a  perfect  temperature  stabilization  for  a  determination  of  EO  coefficients  as 
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well  u  for  the  use  of  BeTi03  io  optical  devices.  Concerning  the  thermo-optic  effect, 
it  could  be  compensated  by  associating  with  a  first  crystal  of  BaTi03^  a  second  one 
with  the  same  dimensions  but  the  axes  crossed  relative  to  the  axes  of  the  first 
crystal^^.  In  fact,  this  possibility  is  doubtful  from  a  practical  point  of  view  since  a 
temperature  shift  of  O.TC  between  both  crystals  should  be  sufficient  to  lead  a  change 
in  the  birefringence  of  1.4  *10~^  while  the  same  variation  in  An  can  be  caused  by  an 
applied  electric  field  of  47.2  kV/m.  The  variation  of  temperature  can  be  due  to  the 
laser  beam  itself.  Thus  one  needs  to  wait  a  sufficient  time  to  obtain  a  temperature 
stabilization  after  application  of  the  laser.  This  was  previously  mentioned  for  2  or  4 
wave  mixing  experiments^^*  where  only  the  thermo-optic  effect  was  considered.  In 
fact,  we  have  shown  that  the  thermal  dependence  of  the  electro-optical  efTect  causes 
an  additional  problem.  The  determination  of  precise  values  of  figures  of  merit  of 
BaTi03,  for  instance  the  driving  voltage  required  in  a  switcher  or  modulator  is  very 
delicate.  This  limits  the  use  of  BaTi03  crystals  for  various  applications  in  optical 
devices. 
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Abstract  The  new  photoconducting  ferroelectric  poly¬ 
mer  is  prepared  by  means  of  dye  sensitization  of  ferro¬ 
electric  vinylidene  fluoride- trifluoroethylene  copolymers 
P(VDP-TrPE).  The  photoconductivity,  the  bulk  photovoltaic 
effect  and  photochromic  effect  have  been  observed  in  the 
spectral  bands  connected  with  dye  molecules  absorption. 

The  new  photoconducting  ferroelectric  polymer  may  be  used 
as  the  photorefractive  material.  By  means  of  the  photo- 
chromic  effect  in  the  ferroelectric  copolymer  doped  by 
indolynospiropyran  the  transmission  gratings  were  recei¬ 
ved,  At  the  ferroelectric  phase  transition  the  sharp  chan¬ 
ges  of  the  dye  energy  level  and  oscillator  strength  are 
revealed. 


INTRODUCTION 

Photoferroelectrics  have  been  studied  for  the  past  30 

i 

years.  One  of  the  most  remarkable  phenomena  in  this 
field  is  the  bulk  photovoltaic  effect,  that  is  a  characte¬ 
ristic  of  photo conductive  crystals  without  the  center  of 
2 

symmetry. 

The  other  important  phenomenon  is  the  photorefractive 
effect,^ 

The  investigations  of  ferroelectric  polymers  lead  us 
to  design  new  materials  -  the  photoconducting  ferroelect¬ 
ric  polymers.  This  idea  was  performed  in  1990  by  means  of 
optical  sensitization  of  the  ferroelectric  vinylidene  flu¬ 
oride-  trifluoroethylene  copolymers  (VDP/TrPE),^  Thus,  all 
known  photoferroelectric  phenomena,  including  the  bulk 
photovoltaic  and  photorefractive  effects,  may  be  observed 
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in  the  photoconducting  ferroelectric  polymers.  In^  we  had 
really  observed  the  bulk  photovoltaic  effect  in  VDP/TrPE, 
doped  by  rhodaraine  dyes.  Some  recent  papers  show  the 
possibility  of  the  photorefractive  films  production  by 
means  of  photoconducting  piezoelectric  polymers. 

This  paper  describes  the  properties  of  the  polymer 
pho to ferroelec tries,  namely  optically  sensitized  ferro¬ 
electric  vinylidene  fluoride-trifluoroethylene  copolymers. 
In  contrast  to  the  homo polymer  PVDP  copolymers  VDP/TrPE 
show  the  ferroelectric  phase  transition  below  the  melting 
point.  That  makes  it  possible  to  study  the  influence  of 
the  phase  transition  on  the  dye  electronic  absorption 
spectra  and  to  prove  the  effect  of  optical  sensitization 
for  ferroelectric  polymers. 

EXPERIMENTAL 

This  paper  reports  results  on  two  copolymers  VDP/TrPE 

(70/30  and  60/40  mol.Jf) ,  which  structure  and  ferroelect- 

9  10 

ric  phase  transition  have  been  widely  investigated  *  . 

The  raw  material  of  copolymer  was  donated  by  Atochem  Com¬ 
pany,  Prance.  The  sensitized  copolymer  films  20-30  jum 
thick  were  prepared  from  the  solution  of  copolymer  and 
dye  in  acetone.  Subsequent  annealing  was  performed  at 
400  K  in  Oder  to  eliminate  possible  remaining  solvent. 

The  dye  concentration  in  copolymer  is  equal  to  1  wt.%. 

The  optical  absorption  spectra  and  their  temperature  de¬ 
pendences  were  measured  by  means  of  spectrophotometer 
Specord  UV-VTS  in  unpolarized  light.  The  accurancy  of  the 
measurements  of  the  band  shift  aV2*5»10"*^  eV  and  optical 
density  /i  O  —  2*10”''. 

The  photoconductivity  was  measured  by  usual  technique. 
A  two-electrode  sandwich  sample  was  used  to  determine  the 
dc  conductivity  change  resulting  from  illumination  with 
a  500-W  Xe  lamp  or  an  Ar-laser  (  A  =  Sl^tim.  ). 

Semitransparent  gold  electrodes  were  evaporated  on  the 
film  surfaces.  The  spectral  distribution  of  the  photocon¬ 
ductivity  was  measured  by  means  of  a  monochromator  and 
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FIGURE  1 

Absorption  spectra  of  VDF/ 
TrPE  (70/30)  copolymer,  vm- 
doped  (dotted  line),  doped 
by  spiropyran  (1,2), 

Curve  3  -  the  spectral  dis¬ 
tribution  of  photoconducti¬ 
vity,  1,3,T  =  300  K;  2,400K. 


SOO  3S0  400 


T,K 


FIGURE  2 

The  temperature  dependence 
of  SP  dye  optical  transi¬ 
tion  energy  (  A  =  370  nm) 
in  VDF/TrFE  (70/30)  copoly¬ 
mer  (1)  and  in  PMMA  (2) (a); 
the  temperature  dependence 
of  the  optical  density  D  of 
SP  absorption  band  at  A  = 

=  550  nm  in  VDF/TrFE  (b). 
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and  modulated  light. 

OPTICAL  ABSORPTION  AND  PHOTOCQJJDUCTIVITY 

The  spectral  sensitization  and  structural  chromic  ef¬ 
fect  were  performed  for  VDP/TrPE  (70/30)  films,  doped  by 
3' ,3 '-dimethyl-1 '-(  ^  -hydroxyethyl)-6-nitrospiro  (2H-1- 
benzopyran-2,2'  indoline) (SP) .  SP  is  the  photochromic  com¬ 
pound,  which  exists  in  two  forms  A  and  B.^^  The  correla¬ 
tion  between  A  and  B  form  concentrations  changes  under  il¬ 
lumination  and  depends  on  the  polarity  of  medivun.  The  cur¬ 
ve  1  on  Pig.1  shows  the  SP  spectral  absorption  in  the 
ferroelectric  phase  of  copolymer  at  T  *  300  K.  The  absorp¬ 
tion  curve  consists  of  two  bands  at  370  and  550  nm, 
which  correspond  to  the  B  form  of  SP.  At  the  transition  to 
the  paraelectric  phase  the  dye  form  B  transforms  to  form 
A  (curve  2,  Pig.  1).  The  absorption  band  at  A=  370  nm 
disappears  and  the  intensity  of  the  optical  band  at  A  s 
»  550  nm  decreases.  At  the  same  time  the  film  is  observed 
to  change  color*  The  purple  color  of  the  film  appears 
again  when  the  reversal  transition  to  the  ferroelectric 
phase  occurs.  The  observed  structural  chromic  effect  in 
the  VDP/TrPE  films,  doped  by  SP,  follows  the  temperature 
hysteresis  (Pig. 2a).  It  is  seen  that  B  and  A  dyes  corres¬ 
pond  to  the  ferro-  eind  paraelectric  phases  of  polymer.  At 
the  ferroelectric  phase  transition  there  is  the  tempera¬ 
ture  hysteresis  loop,  where  A  and  B  forms  coexist.  The 
analogous  temperature  hysteresis  in  the  region  of  the 
phase  transition  is  observed  for  the  intensity  of  the  ab¬ 
sorption  band  at  A  =  550  nm  and  connected  with  the  tran¬ 
sition  B  to  A  (Pig. 2b).  This  hysteresis  correlates  with 

10 

the  temperat;ire  hysteresis  of  the  dielectric  constant 
and  confirms  the  existence  of  the  first-order  phase  tran¬ 
sition. 

The  cvirve  2  on  Pig.  2a  shows  the  temperature  dependen¬ 
ce  of  the  SP  dye  spectrum  in  polar  polymethylmethacrylate 
(PMMA),  which  does  not  show  the  phase  transitions.  In  con- 
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trast  to  the  ferroelectric  polymer  the  temperature  depen¬ 
dence  of  the  optical  absorption  spectrum  is  linear  and 
corresponds  to  form  B. 

The  ferroelectric  copolymer  VDP/TrPE  doped  by  SP  re¬ 
veals  the  photoconductivity.  Pig.1  (curve  3)  shows  the 
spectral  distribution  of  photocurrent.  The  photoconducti- 
ve  sensitivity  —  1»7*10“®  A/W  for  A.  «  370  nm.  The 

spectral  absorption  of  the  nonsensitized  copolymers  is 
shown  by  the  dotted  line  (Pig.1).  Accordingly  there  is  no 
photoconductivity  in  the  copolymer  in  absence  of  the  opti¬ 
cal  sensitization, 

PHOTOCHROMIC  GRATINGS 

By  means  of  the  photochromic  effect  in  the  ferroelectric 
copolymer  doped  by  SP  the  transmission  gratings  were  re¬ 
ceived.  Two  coherent  beams  at  A  «  514  nm  with  equal  in- 
tensities  of  5  mW*cm  were  intersected  in  the  sample, 
thus  producing  interference  bands  with  spacing  A»15  jum. 
The  grating  is  caused  by  the  photochromic  effect  in  SP. 

The  light  exposvire  time  was  30  min.  The  life  time  of 

2 

the  photochromic  grating  was  not  less  than  10  hours. 

The  diffraction  was  observed  from  the  grating.  The 
application  of  the  external  electric  field  to  the  semi¬ 
transparent  electrodes  leads  to  the  change  of  A  due  to  the 
electros trie tion  in  the  ferroelectric  copolymer.  This 

change  is  determined  by  the  component  of  the  piezoelectric 

-9  -1 

tensor  e^^  os.  1  *10  mV  and  appears  to  be  small. 

These  results  show  that  optically  sensitized  ferro¬ 
electric  copolymers  may  be  used  for  the  optical  processing 
and  optical  storage, 

THE  mPlUENCE  OP  PHASE  TRANSITION  ON  THE  SPECTRA  OP  MERO- 
CYAHINES 

The  copolymers  VDP/TrPE  (60/40)  were  doped  by  mero- 
cyanines  with  different  niunber  of  conjugated  double 
bonds! ^ 
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(CH3)2N  (CH 


CH)^  CH  a  C 


^CCR^ 


COR, 


n  a 

1 

a  OCH3 

■*2 

a  OCH3 

(MCI) 

n  a 

2 

a  OCH3 

R, 

a  OCH3 

(MC2) 

n  a 

3 

“i 

a  OCH3 

«2 

a  OCH3 

(MC3) 

n  a 

2 

a  OCH3 

«2 

a  CH3 

(MC4) 

It  is  known,  that  the  merocyanines  molecules  exist  in 
two  mesomeric  forms,  nonpolar  I  and  bipolar  II.  In  gene¬ 
ral,  in  polar  medium  merocyanines  exist  in  form  II,  its 

absorption  band  is  red-shifted  with  respect  to  the  form  I 

^1/2- 


(CH3)2N(CHaCH)j^CH 


■V. 


.(  CH3  )  gNa  (  CH-CH)  n*CK(^' 


II 


The  copolymer  films  with  merocyanines  show  the  absorp¬ 
tion  bands  in  UV  and  visible  regions.  The  absorption  maxi¬ 
mum  changes  with  n  and  medium  polarity  (Table). 


TABLE  ^  of  merocyanines  absorption  bands,  nm 


Solvent.  Material 

MCI 

MC2 

MC3 

MC4 

Toluene  (  £  a  2,24) 

367 

421 

462 

446 

Acetone  i  £a  21,5) 

367 

433 

471 

458,476 

Ethanol  (  £  a  27.8) 

376 

456 

493 

490 

Copolymer  VDP/TrPE  (60/40) 

(  £  =  15) _ ^ _ 370  450  507  476 

Polyrae  thylme  tacryla te 


367 

Ex« 

471  458 

For  example. 

for  MC4  the  bathochromic 

shift 

*^max 

446  to  490  nm  is  observed  in  different  solvents  (toluene-* 
acetone  — a-ethanol).  This  effect  is  connected  with  the 
fact  that  the  ground  state  of  MC  in  nonpolar  medium 
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exists  in  structvire  I,  hut  polar  medium  leads  to  the  in- 
termolecular  displacement  of  charges  and  to  the  bipolar 
structure  II  respectively.  The  absorption  maximum  of  MC4 
in  acetone  split  in  two,  one  is  of  shorter  and  the  other 
of  longer  wavelengths  (see  Table).  This  can  be  explained 
by  putting  form  I  spectrum  on  the  spectrum  of  form  II. 

Pig. 3a  shows  the  optical  absorption  spectra  of  copo¬ 
lymer  film  doped  by  MC4  at  different  temperatures.  At 
room  temperature  the  speotrum  shows  an  absorption  maximum 
at  476  nra  and  a  shoulder  in  the  450-460  nm  region,  connec¬ 
ted  with  bipolar  form  II  and  nonpolar  form  I  correspon¬ 
dingly,  For  VDP/TrPE  (60/40)  the  region  of  phase  transi¬ 
tion  from  ferroelectric  (polar)  phase  to  paraelectric 
(nonpolar)  T  345  +  365  K  and  temperature  hysteresis 
is  -^lO^,  As  seen  from  Pig, 3a  the  transition  from  polar 
phase  to  nonpolar  in  copolymer  is  accompanied  by  the  re¬ 
distribution  of  band  intensities  in  spectra.  We  explain 
this  as  being  due  to  the  increasing  of  form  I  and  to  the 
decreasing  of  form  II  contributions,  and  therefore  the 
absorption  intensity  of  longer  wavelengths  region  changes. 

Fig* 3b  shows  the  optical  absorption  spectra  of  form 
II  at  different  temperatures  which  are  received  by  gra¬ 
phic  subtracting  of  the  form  I  spectrum  (curve  7,  Pig. 3a) 
from  the  total  spectriim.  It  is  seen,  that  the  intensity 
of  band  absorption  of  bipolar  form  II  changes  with  tem¬ 
perature,  Pig, 4  shows  the  temperature  dependence  of  oscil¬ 
lator  strength  f  of  absorption  of  molecular  bipolar 
form  at  the  phase  transition.  This  dependence  reveals  the 
temperature  hysteresis. 

Thus,  the  essential  difference  of  merocyanine  absorp¬ 
tion  spectra  in  polar  and  nonpolar  phases  of  copolymer  is 
determined  by  the  collective  influence  of  the  surrounding 
molecviles  on  the  dye  molecules.  Unlike^* in  the  case  of 
dopping  of  VDP/TrPE  by  merocyanines  the  structural  optic 
effect  appears  as  the  change  of  oscillator  strength  f  at 
the  phase  transition  in  copolymer. 
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FIGURE  3 

The  optical  absorp¬ 
tion  spectra  of 
VDP/TrPE  (60/40) 
doped  by  MC4  (a) 
and  absorption 
spectra,  correspon¬ 
ding  to  bipolar 
form  (b), 

1  -  296;  2  -  309; 

3  -  326;  4  -  339; 

5  -  349;  6  -  364; 

7  -  371  K. 


FIGURE  4 

The  temperature  de¬ 
pendence  of  oscil¬ 
lator  strength  f 
of  absorption  of 
MC  molecular  bipo¬ 
lar  form  at  the 
phase  transition  in 
copolymer  VDP/TrPB 
(60/40). 
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The  ferroelectric  copolymers  VDP/TrPE  doped  by  merocy- 
anines  reveal  the  photoconductivity,  which  spectral  dist¬ 
ribution  coincides  with  the  dye  absorption  band.  The  pho- 
toconductive  sensitivity  (Jp^/intensity)  changes  with  n. 
Jph/I  =  2,5-10“^;  8*10“®;  A/W  for  VDP/TrPE,  doped 

by  MCI  (ns  1),  MG2  (n  s  2)  and  MG3  (n  s  3)  correspon¬ 
dingly,  We  observe  the  decrease  of  photocurrent  by  seve¬ 
ral  orders  of  magnitude  with  increasing  n  from  1  to  3» 
e.g,  with  lengthening  conjugated  system  of  MG  molecule. 

The  optical  ser.sitization  is  confirmed  by  the  crea¬ 
tion  of  new  absorption  bands  and  photoconductivity  ones. 
The  optically  sensitized  ferroelectric  VDP/TrPE  is  the 
new  perspective  photoconducting  material  and  may  be  used 
for  creation  of  new  photorefractive  films  and  photovol¬ 
taic  elements. 
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Abstract  We  describe  our  study  of  the  spatial  resolution  of  a  phase- 
conjugating  ring-resonator  (PCR)  consisting  of  a  Sagnac  interferometer  and  a 
phase-conjugating  mirror  (PCM)  based  on  four-wave  mixing  in  photorefractive 
BaTiOa.  The  use  of  optical  image  processing  systems  depends  on  the  amount 
of  information  channels  and  the  nonlinear  coupling  between  the  channels.  We 
examined  the  contrast  function  of  a  set  of  incoming  signals  which  depends  on 
the  gain  of  the  PCR  and  the  feedback  ratio  of  the  whole  system.  We  obtained 
about  10^  independent  channels  within  our  system.  Additionally,  we  tried  to 
investigate  the  transfer  function  of  the  system  by  comparing  the  power  spec¬ 
trum  of  the  incoming  signal  and  the  output  signal.  By  dianging  the  geometrical 
setup  of  the  system  it  should  be  possible  to  observe  a  higher  resolution.  On  the 
other  hand  it  is  possible  to  control  the  coupling  strength  by  varying  the  linear 
feedback  part  of  the  PCR. 


INTRODUCTION 

For  any  application  of  an  image  processing  system,  the  spatial  resolution  is  one  of  the 
most  important  informations  to  characterize  the  system.  There  exist  many  aimlica- 
tions  of  feedback  systems  for  optical  image  processing  or  optical  computing.  1>  3.  4 

The  advantage  of  an  active  feedback  system  is  the  possibility  to  exceed  the  losses  of 
the  feedback  path.  Moreover,  with  a  nonlinear  feedback  system  like  the  PCR  we  are 
able  to  use  the  nonlinearity  for  optical  processing  and  we  can  vary  it  by  changing 
the  feedback  ratio. 


EXPERIMENTAL  SETUP 

We  investigate  a  phase-conjugate  ring  resonator  consisting  of  a  PCM  and  a  Sagnac  in¬ 
terferometer.  The  PCM  is  realized  by  four-wave  mixing  in  a  photorefractive  BaTiOa 
crystal,  which  provides  phase  conjugation  and  a  high,  nonlinear  amplification.  The 
signal  is  focused  into  the  crystal  with  lens  Li  (Figure  1).  The  distance  between  the 
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crystal  and  the  lens  is  approximately  the  focal  length  of  the  lens,  so  that  the  crystal 
is  working  in  the  Fourier  plane  of  the  signal.  With  perfect  alignment  of  the  resonator 
each  pixel  of  the  signal  is  imaged  into  itself.  In  this  way,  the  phase  conjugate  ring 
resonator  is  an  active  feedback  system  with  a  large  image  plane  and  high  resolution. 


FIGURE  1:  Experimen¬ 
tal  setup  of  the  PCR 
with  input  t'l,  output  tj, 
round  propagating  image 
t3,  mirrors  Si  and  5],  and 
beam  splitter  BS.  I>i,  lens. 


All  experiments  were  performed  using  a  TEMoo  single-mode  argon  ion  laser  at  a 
wavelength  of  514.5  nm.  The  stabilized  output  power  was  approximately  150  mW. 
The  reflectivity  of  the  resonator  was  Rneg  s  0.86;  therefore  am  ampliflcation  of  the 
PCM  of  RpcM  ^  1'2  compensates  for  resonator  losses.  In  the  experiments  the  am¬ 
pliflcation  for  small  signals  was  up  to  10. 


THRESHOLD  OF  SELF-OSCILLATION 
The  reflectivity  of  the  phase-conjugating  mi; 


1  _  lalL,  4. 

Rpcu  IkPCi-')'"  iwPii-'r 

with 

c  =  ea:p(  Jdpil’  -I-  Isi]’)) 


Without  an  external  signad  and  the  PCM  gaun  high  enough  to  compensate  the  reso¬ 
nator  losses,  the  effect  of  self-oscillation  occurs  amd  a  pattern  auises.  It  starts  from 
self-induced  gratings  in  the  crystal  formed  by  scattered  light  from  pump  beauns  Pi 
amd  P2.  The  threshold  of  self-oscillation  ®  is  given  by 


(PCM)  is  given  by 

RpcM=  Reflectivity  of  the 
crystal 

bil**|Pal*=  Intensity  of  the 
pump  waves 

|si|*=  Intensity  of  the 
signal  wave 

7/=  Coupling  coeflicient 
of  the  crystad 
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•KpCAf( I »  0)  =  —  Rru=  Reflectivity  of  the 

resonator 

which  leads  to 

^  IPxl^ 

The  self-oscillation  pattern  dominates  in  the  resonator  and  destroys  any  information 
given  by  an  external  signal.  That  means,  for  image  processing  the  system  has  to  be 
under  the  threshold  of  self-oscillation.  On  the  other  hand,  the  amplification  has  to 
be  as  high  as  possible.  By  varying  the  reflectivity  of  the  Sagnac  interferometer,  it 
becomes  possible  to  use  a  large  range  of  amplification  of  the  PCM.  So,  we  are  able 
to  change  the  nonlinear  characteristic  of  the  PCR  in  a  wide  range. 


FIGURE  2:  Experimental 
setup  of  the  PCR  with  the 
interferometer  to  produce 
the  phase  grating. 


To  measure  the  spatial  resolution  of  the  PCR,  we  produce  a  variable  phase  grating 
by  the  interference  of  two  plane  waves  (Figure  2).  First  we  estimate  the  smallest 
structure  which  can  be  transfered  by  the  system.  The  incoming  signal  is  Fourier 
transformed  by  the  lens.  The  active  region  in  the  crystal  is  limited  by  the  crystal’ 
dimensions  and  the  diameter  of  the  pump  waves  Because  of  the  high  Fresnel- 
number  of  our  Sagnac  interferometer  (the  smallest  aperture  is  about  25  mm  wide), 
the  limiting  component  is  the  interaction  region  of  the  BaTiOs-crystal.  From  the 
Fourier  transfomation  we  obtain: 
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f:  focal  length 

A:  wavelength  of  laser 

A:  wavelength  of  the  signal 
structure  (grating) 

«/:  position  of  the  spatial 

frequency  in  the  Fourier 
plane 

With  the  data  of  our  setup:  f  =  180  mm,  X/  =  1.2  mm  (diameter  of  pump  waves), 
A  =  514  nm  we  get  A  13  ij/uf.  That  means,  we  are  able  to  trwsfer  about  10’ 
ch2uinels  within  our  system. 

EXPERIMENTAL  RESULTS 

The  output  signal  of  the  PCR  (xj  in  Figure  2)  was  detected  by  a  linear  CCD  array. 
The  camera  consists  of  a  CCD-line  with  3456  elements  and  a  distance  of  10.7  fim 
between  each  diode.  The  output  was  recorded  by  a  PC.  The  amplification  of  the 
PCM  during  all  measurements  was  just  under  the  threshold.  The  two  pump  waves 
had  an  intensity  of  approximately  5  mW  each,  and  the  intensity  of  the  signal  beam 
was  about  0.7  fiW. 


FIGURE  3:  Contrast  func¬ 
tion  of  the  output  signal  of 
the  PCR  over  the  spatial  fre¬ 
quency  of  the  grating  of  the 
input  signal.  The  gain  of  the 
PCM  was  constant. 
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FIGURE  4:  Contmt  func¬ 
tion  of  the  output  signal  of 
the  PCR  over  the  amplifica¬ 
tion  of  the  PCM.  The  input 
signal  was  in  the  first  case  a 
phase  grating  with  a  period 
of  8.4  (the  upper  graph) 

and  in  the  second  case  a  grat¬ 
ing  with  12.4  ijgif  (the  lower 
graph). 


The  contrast  function  is  defined  by  K  =  ?mM  .  ^min . 

The  contrast  function  of  the  PCR  with  constant  amplification  (Figure  3) 
shows  that  the  limit  of  the  resolution  is  in  the  range  between  12  and  14 
Up  to  about  10  ^  the  contrast  is  nearly  constant.  The  sy¬ 
stem  is  not  able  to  amplify  structures  that  are  smaller  than  approximately 
12  ifgju.  Additionally  to  the  contrast  function,  the  Fourier  transform  of  the  output 
signal  is  a  good  proof  for  the  spatial  resolution.  In  Figure  5  we  see  the  powerspec- 
trum  of  an  output  signal  with  4.5  There  can  be  clearly  seen  a  peak  at  that 
value.  In  contrast  the  powerspectrum  with  14  toy  in  Figure  6  shows  a  wide  range 
of  spatial  frequencies,  only  a  small  part  of  the  power  is  contained  in  the  peak  of  the 
signal  frequency. 


FIGURES:  Powerspectrum  of  the  output  FIGURES:  Powerspectrum  of  the  output 
of  the  PCR  for  a  signal  of  4.5  of  the  PCR  for  a  signal  of  14  ifng* 
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We  have  shown  that  the  spatial  resolution  of  the  PCR  with  our  setup  is  about  13 
which  corresponds  exactly  to  the  calculated  value.  As  a  result  we  can  see,  that 
the  resolution  is  not  limited  by  the  crystal,  but  by  the  experimental  setup  at  the 
moment.  On  the  other  hand,  it  is  not  clear  up  to  now,  whether  the  calculated  10^ 
channels  are  independent  and  how  strong  the  coupling  of  the  pixels  is 
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Abstract  The  circular  photogalvanic  (CPG)  effect  was  investigated  on 
three  kinds  of  optically  active  crystals  Bii2SiO20,  Bii2GeO20  and 
PbsGeaOi  1.  For  this  purpose,  we  constructed  an  apparatus  which  detects 
the  CPG  current  synchronously  with  the  phase  modulation  of  the  inci¬ 
dent  light.  The  magnitude  and  direction  of  the  current  were  observed  to 
vary  depending  on  the  polarization  state  of  the  incident  light.  Bii2SiO20 
and  Bii2GeO20  produced  the  CPG  current  with  opposite  sense  although 
their  chirality  was  same.  In  PbsGeaOi  i,  the  sense  of  the  CPG  current 
could  be  reversed  by  the  external  electric  field. 


LINTRQPUCTIQN 

When  light  enters  a  crystal,  an  electric  current  is  induced  inside  the  crystal 
depending  on  the  polarization  state  of  the  incident  light.  1  The  current 
density  J  is  expressed  by  the  following  expression. 

Ji  =  {Pijk  ej  eic*  +  i  Yii  (c  X  c*)i  )Io  (1) 

Here  e  denotes  the  unit  vector  of  the  electric  field  of  the  incident  light,  i,  j, 
k  and  1  suffix  representing  the  cartesian  coordinate,  lo  the  intensity  of  die 
incident  light.  The  first  term  represents  the  linear  photogalvanic  effect  and 
the  coefficiCTt  p  is  the  third-rank  polar  tensor,  while  the  second  term  is 
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called  the  circular  photogalvanic  (CPG)  effect  and  is  characterized  by  the 
coefficient  y  which  is  the  second-rank  axial  tensor.  According  to  the 
symmetry  of  the  coefficient  y,  the  CPG  effect  is  allowed  only  in  gyrotrqpic 
(optically  active)  crystals.  According  to  Eq.(l),  right-handed  and  left- 
handed  polarized  light  generate  currents  with  opposite  sense,  while 
linearly  polarized  light  induces  no  current  This  phenomenon  is  promising 
especially  in  the  application  to  new  phase-detectors  of  the  light  in  opto¬ 
electronics.  Although  measurements  have  been  made  on  the  CPG  effect  by 
using  several  kinds  of  chiral  crystals,2»3  it  seems  to  us  that  experimental 
conditions,i.e.,  the  power  density  of  the  incident  light,  magnitude  of  the 
CPG  current,  wavelength  dependence,  etc.,  have  not  been  precisely 
reported.  The  main  reason  for  the  ambiguity  of  reports  can  be  attributed  to 
the  smallness  of  the  effect;  the  usual  photocurrent  has  a  magnitude  which  is 
10^  times  larger  than  that  of  the  CPG  effect.  Then  special  apparatus  which 
can  discriminate  the  extremely  weak  CPG  current  from  the  ordinary 
photocurrent  is  necessary  in  the  study  of  the  CPG  effect. 

In  the  present  study,  we  constructed  an  apparatus  which  realizes 
accurate  measurements  of  the  CPG  effect  by  modulating  the  phase  of  the 
incident  light  and  applied  it  to  3  kinds  of  optically  active  crystals; 
Bii2SiO20  (BSO),  Bii2GeO20  (BGO)  and  ferroelectric  PbsGesOji 
(5P3G). 


2.  EXPERIMENTAL  METHOD 

The  block  diagram  of  apparatus  for  measuring  the  CPG  effect  is  shown  in 
Fig.l.  The  polarization  state  of  the  incident  light  from  Ar  ion  laser  (X= 


Fig.  1  Block  diagram  of  the  apparatus  for  measuring  the  circular 
photogalvanic  effect. 
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488  nm,  maximum  power  60mW)  was  modulated  with  a  frequency  of  70Hz 
by  exploiting  tlM  electixx^tic  effect  of  LiNb03:Mg0  crystal.  Then  the 
CPG  current  was  detected  synchrcmously  with  the  polarization  state  of  the 
incident  light  by  a  lock-in  amplifter  as  a  function  of  the  phase  shift  of  the 
lock-in  anq>iiner.  An  examination  was  made  whether  this  i^iase  shift  really 
corresponds  to  the  change  in  polarization  state  of  the  incidoit  light,  by 
inserting  a  Babinet-Soleil  compensator  between  the  phase  modulator  and 
the  crystal:  the  additional  phase  shift  of  180*  produced  by  the  oxnpensator 
changed  the  sign  of  the  CPG  current  without  change  in  its  magnitude.  We 
also  measured  the  circular  dichroism  (CD)  of  each  crystal  in  the 
wavelength  region  from  370  nm  to  570  run  to  clarify  the  relation  between 
the  chirality  of  the  crystals  and  relative  sign  of  the  CPG  current. 

The  dimension  and  orientation  of  the  specimens  are  illustrated  in  Fig.2. 
Transparent  electrodes  of  IniOa  were  sputtered  on  the  surfaces  of  the 
specimens. 
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Fig.2  Dimension  and  orientation  of  the  specimens  used  in  the  present 
experiment. 


lEXPERIMENTAL  RESULTS  AND  DISCUSSIONS 
IL  BSOandBGO 

BSO  and  BGO  belong  to  the  same  point  group  T-23  and  have  one 
independent  y  tensor  component  vn,  which  can  be  determined  by 
measuring  the  CPG  signal  along  the  [100]  with  the  light  incident  along  the 
[100]  direction.  Results  of  the  CD  and  the  CPG  effect  are  shown  in  Fig.3 
and  Fig.4,  respectively.  The  CD  spectra  indicate  that  BSO  and  BGO  used  in 
the  present  experiment  were  both  laevo-rotatory.  The  CPG  current  was 
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measured  with  an  incident  light  power  density  of  400mW/cm2.  Fig.4 
clearly  shows  that  the  CPG  signal  induced  by  the  incident  light  varies 
depending  on  the  polarization  state  of  the  incident  light.  It  should  be  noted 
that  the  sense  of  the  CPG  signal  was  c^posite  in  BSO  and  BGO,  although 
the  chirality  of  these  crystals  was  same.  The  origin  of  the  different  sign  of 
the  Y  tensor  of  these  crystal  is  an  open  question  at  present. 


350  450  550 


Wavelength(nm) 

Fig.  3  The  circular  dichroic  spectra  of  BSO  and  BGO  crystals. 


Phase  shift  (deg) 

Fig.4  The  circular  photogalvanic  effect  observed  in  BSO  and  BGO  crystals. 
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12>  Fcrroclfictric  5P3G 

5P3G  belongs  to  the  point  group  C3-3  and  exhibits  ferroelectricity  at  room 
temperature.  We  measured  the  CFG  effect  related  to  the  Y33  component 
with  the  incident  li^t  along  [001]  direction  and  the  CPG  current  along 
[001]  direction.  The  chirality  of  SP^  can  be  changed  by  die  ^^lication  of 
an  external  electric  field  as  shown  in  the  CD  spectra(Fig.5),  and  it  is  also 
expected  that  the  sense  of  the  CPG  current  can  chwge  its  sense  by 
accompanying  the  transformation  of  the  enantiomoridiic  state  by  the 
electric  field.  This  phenomenon  really  occurred  and  the  result  is  indicated 
in  Fig.6.  We  could  reverse  the  sense  of  the  CPG  current  under  an  electric 
field  of  above  750V/cm.  On  the  other  hand,  the  virgin  specimen  did  not 
show  the  CPG  effect,  as  it  contained  almost  equal  number  of  regions  with 
opposite  chirality.  This  fact  indicates  that  the  CPG  effect  can  be  used  as  a 
sensitive  tool  for  discriminating  the  enanti<xnorphic  state  of  crystals. 
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Fig.5  Circular  dichroic  spectra  of  ferroelectric  5P3G  measixed  in  the  room 
temperature.  Sign  of  the  CD  spectra  can  be  changed  by  the 
application  of  the  electric  field. 
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Fig.  6  The  circular  photogalvanic  effect  observed  in  ferroelectric  5P3G. 
The  CPG  current  can  be  reversed  by  the  application  of  the  electric 
field. 
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Abstract .  The  studies  of  field-induced  lattice  rear- 
rangeaicnt  and  field-induced  phase  transition  (PT), 
laser  hca«  iittccts  in  transparent  ferroelectric  ce- 
raaics  (TFC),  dopant  and  radiation  effects  in  PLZT, 
Kerr  effect  demonstration  and  application  of  an  intra¬ 
cavity  aatrix-addressed  spatial-tiae  modulator  are  dis¬ 
cussed  . 

INTRODUCTION 

Most  of  TFC,  being  typical  relaxor  materials  have  offered 
opportunities  for  new  methods  (optical,  e 1 ectrooptica 1 , 
non-linear  optical)  in  studies  of  f erroe 1 ectricity ,  provi¬ 
ding  as  results  essential  for  understanding  the  nature  of 

Pt1.2. 

STRUCTURE,  PROPERTIES  AND  PHASE  TRANSITIONS 

A  complex  X-ray  study  of  the  crystallographic  characteris¬ 
tics  of  PLZT  with  respect  to  temperature,  applied  field  and 
kinetics  are  considered  from  a  common  viewpoint  on  the 
9/65/35  compound  as  a  test  material^.  Thus,  the  X-ray  data 
confirm  a  complete  reversibility  of  the  induced  polar  phase 
at  22°C  (Figure  1)  and  so  the  unpolarized  state  at  22*^0 
(from  kinetic  studies  of  the  induced  polar  phase)  is  essen¬ 
tially  permanent. 

Kinetics  of  the  field  induced  PT  has  been  studied 
(with  8,5/65/35  compounds  ^).  Variation  of  the  average  size 
and  volume  concentration  of  polarized  submicroregions  with 
the  field  is  obtained  by  two  independent  methods  -  IR 
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FIGUKE  1.  The  change  of  the 
222  Baxiaua  position  at 
cycling  of  the  applied 
field  tor  PLZT  9/75/35; 
T»220C. 


birefringence  and  scattering  studies  (CO  laser;  As5.56  pa). 
Appearance  of  quas i -s i ng I e  doaain  FE  clusters  is  suggested 
near  the  critical  field. 

To  explain  the  aeaory  effects  observed  in  PLZT 
ceraaics  and  its  display  in  the  behaviour  of  6*(6>it)  the 
distribution  of  relaxation  tiaes  in  the  region  of  diffused 
PT  is  assuaed  to  follow  the  Vogel-Fulcher  law 

E 
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the  interaction  with  ultra-slow  defects  resulting  in 
gradual  freezing  of  relaxators  at  (Fig. 2)^.  The 
approach  has  allowed  to  do  without  proposed  anoaalies  of 
structure  and  static  properties  not  observed  in  the  region 
of  diffused  PT  and  to  explain  the  change  of  P(E)  at  PT  in 
PLZT  X/65/35  ceraaics  with  X>8  at.X. 

The  teaperature  vs. tine  rise  profiles  in  the  bulk  have 
been  calculated  (nunerical  sinulation)^  (Figure  3)  froa  the 
results  of  thernal  self-focusing,  self-deflection  of  laser 
beans  and  induced  transparency  in  PLZT  ceraaics^;  the 
thernooptical  constant  has  a  rather  high  value  in  PLZT 
(~10”^  ca^/W).  A  laser  bean  thernal ly  induced  PT  froa 
strongly  to  weak  scattering  state  (in  coarse-grained  PLZT 
8/65/35)  followed  by  drastic  increase  of  sanple 
transparency  has  been  achieved  by  Ar-  and  CO-  lasers. 
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FIGURE  2.  Distribution  function  of  relaxation  tiaes  g(T)  at 
ageing  at  TIT,  (£*0). 

DOPING  AND  DEFECTS 

Essential  specific  changes  of  structure  and  properties 
(dielectric,  optical,  elastic)  of  the  PLZT  8/65/35  ceraaics 
doped  by  3d  eleaents^^  have  suggested  to  undertake  aore 
comprehensive  examination  of  the  materials  to  reveal  the 
aicroaechanisa  of  dopant  effects  **  ESM^^'  Raman  scattering 
(RS)^*^  and  EPR^^  studies  were  provided. 

The  most  essential  contribution  to  the  change  of  RS  is 
due  to  Jahn-Teller,  i.e.,  d^  of  Mn^'*’  configurations. 
Appearance  of  new  bands  about  660  and  960  cn~^  is  related 
to  localized  defects  like  Mn^‘*’-Ti^'*',  Mn^'*’-VQ,  Mn^'*’-La^'*' 

a .  o . 

We  identify  the  absorption  in  the  region  of  O.liBlO.2  T  as 
the  spin  transition  -3/2 -»  -1/2  of  Mn^'*’  (d^)  ions,  and  that 
in  the  region  of  0,25iB10,40  -  as  the  spin  transition  - 
1/2  -*  1/2  of  Mn'^'*’  (d^)  ions  (Fig. A).  It  is  reasonable 

to  assume  the  presence,  along  with  Mn^'*’  and  Mn^'*',  of  Mn^'*’ 
(d^)  not  detectable  by  EPR,  particularly  responsible  for 
the  evident  shift  of  T,  to  a  higher  temperature  and 

changes  in  RS. 

We  have  detected  significant  alterations  in  the 
optical  and  dielectric  properties  of  PLZT  X/65/35  and  PSN 
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FIGURE  3.  Teaperature  rise  protlles  in  the  bulk  of  PLZT 
9/6^/35  saaple.  Ar-lascr  beaa  intensity  -  1  kh/ca'^;  e“^ 

radius  “  0t2  aa.  Solid  lines  -  transparent  state;  dotted 

lines  -strongly  scattering  state. 
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FIGURE  A.  EPR  spectra  of  Mn  in  PLZT  8/65/35+  X  wt.XMn. 
1  -  X»0;  2  -  X*0.1;  3  -  X-0.3;  A.»3  ca;  T»20®C. 
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FIGURE  5.  Optical  density  difference  aD  vs.  wavelength: 

a)  of  PLZT  10/65/35  irradiated  by:  1  -  neutrons  (2*10^® 
n/c«^);  2  -  electrons  (8,4*10*^^  e  1  ectr . /cb^  )  ;  3  -  j^-rays 

and  neutrons  (5*10^  rad;  2'10^®  n/cB^);  4  -  f-rays  (9-10® 
rad)  ; 

b)  PSN:  1  -  electron  irradiated  (fluence  8'4‘10^'^ 
electr/cB^);  2-  annealed  up  to  150°C  (2  deg/Bin.);  3  - 

annealed  up  to  250°C. 

ceraBicsi  following  irradiation  by  neutrons,  electrons  and 
gaBBa-rays  jjjg  change  in  optical  properties  of  PLZT 

8-11/65/35  ceraBics  is  Bainly  observed  near  absorption  edge 
-  a  characteristic  BaxiBUB  in  the  absorption  difference 
(prior  to  and  after  irradiation)  at  wavelength  of  380- 
390  nB  is  estiBated,  irrespective  of  the  type  of  radiation 
eBployed  (Figure  5, a).  Intensity  of  coloring  (the  value  of 
AD)  depends  on  the  type  of  irradiation  and  fluence. 
Defects  can  be  annealed  at  teBperatures  between  400-600°C. 
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In  the  case  of  electron-irradiated  PSN  ceraaics 
(fluence  8,4' 10*^^  e  1  ectr  . /ca"^  )  -  A  1>  aaxiaua  is  observed  at 
~4VU  na ,  however  coapletely  annealed  at  teaperatures  about 
230^*0  (Fig.  5,b). 

APPLICATION 

PLZT  frequency  stifter  (20  kHz)  as  well  as  a  voltage- 
controlled  Pl.Zr  A</4  phase  plate  have  been  introduced  in 
the  laser  heterodyne  interferometer  tor  an  autoaatic 
displacement  measurements  with  the  nccurancy  ±10  nm  A 
low  voltage  PLZT  ceramics  Kerr  cell  and  computer  controlled 
DC  and  AC  voltage  sources  are  developed  for  didactic  use 
and  classroom  demonstration,  for  transfer  of  information  by 
laser  beams  . 

An  intracavity  matrix  addressed  (30x30  programmable 
scanning  elements)  PLZT  spatial-time  modulator  is 
demonstrated  with  a  pulse  KAGzNd  laser  Ditraction 
limited  beam  quality  and  10  ps  direction  exchange  time  have 
been  achieved. 


REFERENCES 

1.  A. Sternberg,  Ferroe 1 ectrics ,  91,  53  (1989). 

2.  A. Sternberg,  Ferroe  1  ectri^ ,  To  be  published. 

3.  L . A . Shebanov ,  Ferroe 1 ectrics ,  90,  65  (1989). 

4.  M.Knite,  A.Kapenieks  and  A. Sternberg,  Acta  Uni versitatis 

Latviensis,  559  (Riga,  1991),  p.44. 

5.  A . V . Shi  Inikov ,  A . 1 . Burkhanov  and  E.H.Birks,  Soviet  Solid 

State  Physics,  29,  809  (1987)(in  Russian). 

6.  L.E. Cross,  FerroeTec tries ,  76,  241  (1987). 

7.  A.Spule  and  E.Birks,  t'erroeTectrics ,  to  be  published. 

8.  V.Zauls,  doctor  theses. 

9.  G.B. Altshuler  et  al.,  Ferroe 1 ectrics ,  69,  67  (1986); 
M.Knite  et  al.,  Ferroe 1 ectrics ,  80,  253~(1988). 

10.  V.l.Dimza  et  alT"!  Ferroe  tec  tries ,  90,  45  (1989). 

11.  V.Dimza,  A.Plaude  et  a  1 . ,  Perroe 1 eFtrics ,  to  be 
published . 

12.  V.Dimza,  P.Paulins  et  al.,  Ferroe lectrics ,  to  be 
published. 

13.  V.Dimza,  Jing  Tong-Zheng  et  al.  Phys . Stat . Sol . ,  to  be 
publ ished . 

14.  A. Sternberg  et  al.  Acta  Universitatis  Latviensis,  559 
(Riga,  1991),  p.88. 

15.  A. Sternberg  et  al.,  Ferroe lectrics ,  to  be  published. 

16.  E.Klotins,  P . Kreicbergs ,  J.Kotleris  and  A.Kapenieks, 
Sensors  and  Actuators,  A,  25-27 ,  271  (1991). 

17.  A.Krumins  et  al.,  Pyroelectrics,  to  be  published. 

18.  V. Alekseev  et  al.,  Ferroel ectrics ,  to  be  published. 


Ferroelectrics,  1992,  Vol,  134,  pp.  35-40 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1992  Gordon  and  Breach  Science  Publishers  S.A. 

Printed  in  the  United  States  of  America 


EoP254 

THE  ANALYSIS  OF  ELECTRIC  FIELD  FOR  A  PERIODIC 
ELECTRODE  WITH  A  DIELECTRIC  BUFFER-LAYER 


GEN-SIN  LIN^  JANG-JENG  LIANG*,  WEI-YU  LEE^ 

PING-OU  CHEN*  AND  CHI-CHIEN  CHEN* 
t  Dept,  of  Elec.  Eng.,  Tatung  Institute  of  Technology,  Taipei,  Taiwan 
♦  Chunghwa  Picture  Tubes,  Ltd. 


ABSTRACT  Several  types  of  inflated  optical  modulating  and  switching 
devices  are  based  on  the  change  of  the  reactive  index  wmle  applying  a 
voltage  between  electrodes  fabricated  on  the  crystal.  Many  solutions  of  the 
electnc  field  are  proposed.  However,  most  of  them  focus  on  the  single  pair  of 
electrode.  In  this  paper,  we  analyze  the  periodic  electrode  with  a  didectric 
buffer-layer  and  succemilly  solve  the  potential‘8  equation  by  DFT  (  discrete 
Fourier  transform  ).  The  DFT  is  a  correct  and  simple  technique  for  dealing 
with  the  problem  of  periodic  pattern.  On  the  other  hand,  the  method  is 
efficient  for  solving  the  differential  equation  directly.  We  present  the  results 
of  estimation  for  the  dectric  fidd  of  periodic  dectrodes  with  a  buffer-4ayer 
fSi02)  evaporated  on  z-cut  LiNbOg  and  suggest  some  considerations  of 
aesign  for  electrodes. 


INTRODUCTION 

For  the  z-cut  LiNbOa  waveguides,  we  tend  to  use  the  largest  dectro-optic 
coeffidents,  rss,  so  the  electrodes  are  evaporated  on  the  wave  guides  directly. 
However,  the  metal-clad  waveguide  may  lead  to  large  attenuations  [1].  In  order 
to  reduce  the  attenuation,  a  didectric  buffer-^ayer  is  added  between  the 
waveguides  and  electrodes,  shown  in  fig.l.  We  can  easily  apply  the  conformal 
mapping  method  to  analyze  the  dectric  fidds  of  the  structure  without  buffer 
layers,  but  can't  apply  that  method  to  solve  the  fields  distribution  of  the 
configuration  with  buffer  layersL  Another  solution  was  proposed  by  means  of 
Fourier  transform^  but  it  also  resulted  in  some  difficulty  :  requiring  guessing  the 
potential  on  the  electrodes  surface  in  advance  and  repeating  an  iterative  procedure 
to  approach  the  exact  answer.  Recently,  a  few  authors  analyze  the  dectrode  on 
the  dielectric  waveguides  by  the  method  of  line^'*.  However,  they  are  also  unable 
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to  deal  with  a  periodical  electrode  patt^  such  as  spectrum  analyzer^'^,  tunable 
polarization  converter^'^,  wavelength  filter!*  etc.. 

In  this  paper,  we  make  use  of  DPT  to  calculate  the  electric  field  distribution 
directly  through  a  series  of  matrix  operations.  Comparing  the  results  of  periodic 
electrodes  with  that  of  a  single  pair  obtained  by  conformal  mapping  method,  we 
show  that  the  electric  field  intensity  of  the  former  is  a  little  larger  than  the  latter. 
This  is  owing  to  the  influence  of  periodicity  and  the  simulation  results  also  meet 
our  prediction.  Frequently,  we  must  trade  off  several  factors  such  as  the  width  of 
a  gap,  the  thickness  of  the  dielectric  buffer  and  the  problem  of  fabrication  etc.  So, 
we  analyze  the  two  most  important  parameters,  the  gap  between  electrodes  and 
the  thickness  of  a  buffer-layer  and  then  suggest  some  considerations  for  the 
optimum  design  of  periodic  electrodes. 


ANALYZING  THE  ELECTRIC  FIELD  BY  DFT 


The  electrodes  are  assumed  to  be  infinitely  thin  compared  to  the  width  of  gap,  2a. 
One  electrode  is  at  zero  potential  while  the  other  has  applied  an  voltage  ,  U,  and 
the  z-cut  orientation  of  the  LiNbOs  crystal  and  TM  mode  propagating  wave  are 
assumed,  shown  in  fig.l.  The  changes  of  dielectric  constants  which  are  introduced 
by  the  Ti— diffusion  are  small  and  can  be  neglected  in  the  computations.  The 
dectrostatic  potential  ^  is  a  solution  of  the  differential  equations^'^ 


^  +  =  0  fory<0 


(la) 


f-x 


dx} 


+  ty 


=  0 


for  y  >  0 


(lb) 


According  to  our  assumpticms  above,  the  tx  &Qd  Cy  are  the  ordinary  and 
extraordinary  dielectric  constants  respectively.  Now,  we  transfer  the  problem  to 
another  domain  by  DFT.  First,  we  define  the  discrete  Fourier  transform  as 

♦i(»'.y)  =  ]^^^i(x,y)-  exp(  ) 

X 


(2) 
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whm  N  is  the  period  of  electrode  and  v  pc  =  -  N/2...N/2— 1.  The  index  'i' 
rqiresoits  the  re^n  '1'  ,  'O'  or  '-1'.  The  #  denotes  the  DPT  of  the  electric 
potential  ^  aliMig  the  x-coordinate  at  y.  Then,  applying  the  boundary  conditions 
of  Ex  and  Dy  at  the  intofaoes,  we  daive  the  potaitial  in  the  substrate  as  below 

M^y)  =  5]  ®*p(  )*  <«p(  •  I H  )  (3) 

1/ 

and 

#o(i/,0)  =  #i(i/,d)-  {  cosh(  1 H ^  ° -)•  8inh(  •  H  )  )  (4) 

If#o(i^iO)  can  be  found,  #1(1/, d)  is  easily  calculated.  So  we  must  calculate  fo(<^,0)  in 
advance.  Another  boundary  condition  between  m  and  buffer  yields 

1 H  exp(  )  =  0  (5) 

V 


where 


H(i/)  =  €b 


8inh(-  ( v\ )  +  Of  cosh(--|^—  ( u\ ) 

co8h(--j^^--  I  t/j )  -f  tt»  sinh(-^-^^  \v\ ) 


(6) 


Once  foCi^.O)  i8  found  and  then  we  U8e  eq.(3)  and  eq.(4),  the  electric  field  in  the 
waveguide  can  be  calculated. 
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In  thi8  eection,  we  8imulate  different  conditions  for  z-cut  LiNbOs  substrate  with 
dielectric  constants  ee=28  ,Co=43.  The  wavelength  A=0.6328  ^m,  N=80/im  and 
the  electrode  width  20^  are  assumed.  The  conformal  mapping  method  is  used  to 
to  calculate  the  electric  field  of  a  single  pair  of  electrode  and  is  r^arded  as  a 
precise  method^'^.  For  the  periodic  electrodes,  we  may  predict  that  the  electric 
field  is  larger  than  that  of  a  single  pair  of  dectrodes  because  of  the  influence  of  the 
neighboring  pattern.  In  fig.2(a)  and  (b),  we  calculate  the  electric  fields  of  the 
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electrodes  separating  from  each  other  by  8  pm  at  the  depth  y=1.5  pm  and  it  is 
found  that  the  electric  field  calculated  by  DFT  is  always  a  little  larger  than  that 
by  conformal  mapping  method.  It  fits  our  prediction.  So  the  DFT  method  is  also 
reliable. 

For  design  considerations,  we  tend  to  place  the  strongest  electric  field  on  the 
wav^pides  in  order  to  obtain  the  best  modulation  effect.  There  are  many  facts 
influencing  the  intensity  of  electric  fields.  It  is  easy  to  understand  that  the 
waveguides  near  the  electrodes  edges  have  larger  electric  fields.  The  separation  of 
electrodes  is  one  important  fact  decreasing  the  lateral  and  vertical  electric  fields. 
It  is  obvious  at  the  inner  edges  of  electrodes.  In  order  to  get  stronger  electric 
fields,  the  narrower  gaps  are  suggested  but  it  may  result  in  the  difficulty  of 
fabrication. 

Another  dominant  fact  is  the  thickness  of  the  dielectric  buffer^yer  which 
may  considerately  attenuate  the  electric  fields.  The  distributions  of  Ex  and  Ey 
electric  fields  are  presented  in  fig.3  at  the  depth  of  1.5  pm  with  different 
thicknesses  of  buffer  layers  (  d=0.05,  0.3  and  0.8  pm).  The  attenuation  is  obvious 
at  the  electrodes  gap,  shown  in  fig.3(a).  The  changed  effective  propagation 
constant  60  according  to  the  electric  field  is 

60  —  '  2  ko*  r33’  n®^*  Ey  (7) 

The  decrease  of  60  with  increasing  the  widths  of  gaps  and  the  thicknesses  of  buffer 
layers  at  y=2pm  are  shown  in  fig.4.  This  is  a  useful  reference  figure  when  we 
design  the  electrodes.  Because,  frequently  we  need  to  trade  off  between  the  higher 
electric  fields  for  modulation  and  the  thicker  buffer  to  decrease  the  power 
attenuations.  If  the  thickness  is  larger  than  0.4  pm,  the  60  is  smaller  than  3.5*  10*^ 
rad/cm.  Then,  a  period  of  phase  variation  requires  about  a  centimeter  when  we 
apply  lOV.  The  smaller  gap  between  electrodes  tends  to  give  a  larger  electric  field 
but  is  more  difficult  in  manufacture.  The  optimum  thickness  of  gap  we  suggest  is 
about  4pm  because  of  easy  performance  and  larger  electric  field. 

CONCLUSIONS 

In  this  paper,  we  have  analyzed  the  periodical  electrode  pattern  having  a 
buffer-layer  and  directly  calculated  the  electric  field  by  DFT.  From  our 
simulation  results,  there  are  two  important  facts  influenting  the  modulation  effects 
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—  the  width  of  gi^>  and  the  thickness  of  the  buffer  layer.  Some  references  of 
design  are  suggested  in  this  p^>er.  Now,  we  are  interesting  in  the  attenuations  of 
the  planar  and  channel  optical  waveguides  for  the  metal/buffer/guide/substrate 
four-layer  structure  which  are  generally  used  in  integrated  optics. 
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FIGURE  1  The  structure  of  electrodes  for  one  period  and  waveguides 


FIGURE  3  The  electric  field  distribute  for  different  thicknesses  of  buffer  layers  at 
the  depth  of  1.5  /on.  (a)  Ex  component  (b)  Ey  component 
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FIGURE  4  We  show  the  variations  of  Sfi  V.S.  the  widths  of  gaps  at  y=2/jm. 
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Abstract  A  simple  and  eCGdent  procedure  for  detennining  the  propagation 
characteristics  of  arbitrarily  shapra  inhomogeneous  wavc^de  is  described. 
This  procedure  was  mainly  based  on  effective-ina»  method^  and 
Ritz-Galerkin  method.^  Our  procedure  can  be  easily  implemented  on  a  small 
personal  computer.  We  compared  the  results  with  those  obtained  by  other 
method.^  It  was  shown  that  the  results  obtained  for  mode  spectra  and  fidd 
distributions  are  also  accurate  even  in  the  case  closed  to  the  cutoff  r^on. 


INTRODUCTION 

Dielectric  waveguides  are  useful  components  for  realizing  integrated  optical 
devices.  In  mder  to  properly  design  and  use  an  optical  channd  waveguide  link,  the 
propagation  characteristics  and  fidd  distributions  of  the  guided  modes  must  be 
known. 

Except  for  a  few  spedal  refractive  index  profile  shapes  that  allow  explidt 
analytic  solution  of  this  scalar  wave  equation  (step  index  and  parabolic  index 
fibers^'^),  the  guided  modes  ci4>able  of  propagating  akmg  the  fiber  must  be 
determined  by  approximation.  However,  due  to  fabrication  techniques  and  other 
applications,  the  methods  which  can  cope  with  both  the  problem  of  arbitrary  index 
profile  and  arbitrary  aoss-sectional  shape  of  the  wav^uide  are  required.  We 
mentifmed  here  the  finite  dement*  and  finite  difference^  methods  and 
effective-^ndex  method*. 

In  this  paper,  we  adopt  Ritz-Galerkin  formalism  to  extend  Chiang's  modd 
for  arbitrarily  sh^ied  inhomogeneously  optical  wav^uides.  The  results  of  our 
procedure  are  accurate  both  in  the  low  fiequency  and  high  frequency  re^on.  Even 
for  the  fundamental  mode  with  frequency  very  near  to  the  cutoff  value,  the  mode 
still  can  be  followed  by  our  method. 
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theory 

The  mode  field  (tf  the  fiber  satisfies  the  2— D  scalar  wave  equation: 

+  I  »i?(x,y>c2  1  #  =  0.  (1) 

where  <ff  is  the  fidd,  k  is  the  wave  number,  0  is  the  propagation  constant,  and 
n(x,y)  is  the  refractive  index  distribution.  For  weakly  guiding  fiba,  the  field  can 
be  expressed  as: 

0(x,y)  =  ^(x)-^y(x,y)  (2) 

while  ^y(x,y)  is  assumed  to  be  a  slowly  varying  function  of  x. 

Substite  Eq.  (2)  into  Eq.  (1),  n^ect  some  terms  reasonably  in  the  process  of 
derivation,  and  define  an  effective  index  profile  neff(x),  we  can  obtain  the  followed 
two  1— D  scalar  wave  equations: 


=  0. 
dy^ 

(3) 

^  +  1  ]*,  =  0, 
dx* 

(4) 

Eq.  (4)  is  just  the  scalar  wave  equation  for  an  inhomogeneous  slab  waveguide  with 
index  profile  neff(x).  This  means  that  once  the  ^ective  index  profile  neff(x)  has 
been  determined,  the  propagation  constant  in  the  original  two  dimensional 
waveguide  can  be  obtained  from  a  one  dimensional  waveguide  with  index  profile 
neff(x).  Then  the  original  2— D  problem  is  converted  into  1— D  problem.  The 
effective  index  profile  neff(x)  can  be  obtained  by  calculated  propagation  constant 
/S'  =  neff(xi)K  at  each  point  xi. 

For  arbitrarily  shaped  inhomogeneous  optical  waveguides,  the  ^ective  index 
profile  n«ff(x)  must  be  pointwise  determined.  We  used  Ritz-Qalerldn  formalism^ 
to  solve  the  problem  of  one  dimensional  wav^uide  with  inhomogoieous  refractive 
index  profile.  The  schematic  representation  of  our  method  is  shown  in  Fig.  1. 

By  Ritz-Galerkin  method,  the  mode  fidd  9b(x)  was  expanded  by  a  suitable 
finite  set  of  known  basis  functions  {  $o,a  }  : 
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Ritz-Galerkin  Propagation  constant 

FIGURE  1  The  schanatic  representation  of  our  method 
N 

^  Cu  9oia(x)  (5) 

U=0 

where  Cu  are  coefGdents  which  are  initially  undetermined.  The  eigenvalue  was 
refered  to  the  propagation  constant  for  the  mth  order  mode,  Cu  is  the 
corresponding  eigenvector.  Since  the  and  the  Cu  can  be  obtained 
simultaneously,  the  field  distributions  can  be  easily  generated  by  Eq.  (5). 
Therefore  we  can  obtain  both  the  propagation  constant  and  the  field 
distributions  for  the  original  two  dimensional  waveguide. 

Because  the  effective  index  method  is  derived  in  the  Cartesian  coordinate 

system,  it  can  only  be  applied  to  waveguide  modes  which  can  be  designated  as  Ef  j 

(or  E^j)  modes.  For  these  Efj  and  E^j  modes,  the  field  configuration  in  each 
coordinate  axis  is  weU  discussed  in  Ref.  8.  The  general  symbolic  formula^  for  each 
ID  process  can  be  given  as  followed: 


r 

'n2 

* 

^(EJu)  = 

TEu-i' 

HT 

.52. 

,  TM..i(  n2|neffjn2 ) 

mn)  = 


TMn-i(  n2|nl|n2  ) ,  TE,-i 


(6) 

(7) 


For  a  weakly  waveguide,  E2a  and  E2n  modes  are  approximately  degenerate, 
the  waveguide  modes  can  be  denoted  as  ESK  and  the  general  notation  then 
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becomes; 


^(ESX)  = 

' 

rn2] 

• 

TEa-i 

sr 

,  TE,-i(  n2|nefi]n2 ) 

Is 

(8) 


Numerical  Resultit 

In  order  to  show  the  accuracy  of  the  results  of  our  method,  we  consider  the  circular 
graded  index  waveguide  with  refractive  index  profile  givcai  as  followed: 

n2(r)=  ni,  {  1  -  2  •  A  •  /(r/r©) },  r  <  ro 
=  Del,  r  >  to 

A  =  (9) 

2n2o 

where  nco  &nd  nd  are  the  reactive  indices  at  the  axis  and  in  the  cladding 
respectively,  and  ro  is  the  radius  of  the  wav^^iide,  for  the  waveguide  of  this  kind 
index  profile  possesses  exact  solutions  for  the  propagation  constant  of  the  guided 
modes.^  We  use: 

V  =  Ko  To  (n?o  -  ,  6  =  P/kc 

Uco  “  1.4516 
0ci  =  1,4473 

ro  =  5  X  10~^  m. 

The  following  notations  will  be  used: 

5th  Theoretical  value  of  6.  This  is  the  exact  analytical  solution  for  this 

geometrical  shape  and  refractive  index  profile.^ 
ffiVM  Value  of  S  obtained  by  Velde  et  al.^ 

5BRG  Value  of  5  obtained  by  the  present  method. 

The  propagation  constants  of  Efi  mode  and  Efj  mode  for  various  V-number 
are  displayed  in  Table  I  and  in  Table  II.  In  the  Table,  the  error  is  called 
procentual  error^  and  is  defined  as  followed: 


percent  error 


—  100  X  (5tIi~^proxiaa(ed)  / 


(10) 
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TABLE  I  Compariaoo  of  the  propag&tioa  coiuUat  6  for  Eft  noode 


V 

Ah 

ABR.G 

ffiVM 

E-4% 

ERG 

ERROR 

EVM 

1.25 

1.447355 

1.447309 

1.447455 

32 

70 

4.00 

1.449462 

1.449488 

1.449393 

3 

60 

6.00 

1.450170 

1.450170 

1.450037 

ex 

90 

ex  :  the  result  is  equal  to  the  theoretical  value  of  S. 

TABLE  II  Cfomparisou  of  the  propagation  constant  S  for  Eh  nxxfo 

V 

Ah 

£ERG 

^VM 

.  Ei— 4% 
ERG 

ERROR 

EVM 

3.50 

00 

GO 

1.447385 

3.518 

1.447300 

1.447352 

1.4473^ 

35 

64 

4.00 

1.447578 

1.447619 

1.447615 

27 

25 

6.00 

1.448757 

1.448763 

1.448760 

3 

2 

00  :  the  mode  is  found  to  be  in  cut  off. 

^pproxiuted  =  ^EVM  for  Velde  et  al.  method 
=  ^ERG  for  our  present  method 

Discussion  and  Conclusion 

The  effective  index  method  itself  has  limitations  and  restrictions.  Most  of  these 
have  already  been  mentioned  by  Chiang^,  and  some  of  the  important  restricti(»i8 
are  emphasized  by  Velde  et  al.3.  One  of  them  should  be  especially  noted  is  the 
intrinsic  restriction  which  is  due  to  the  central  assumption  that  ^  is  a  slowly 
varying  function  of  x  in  the  average  sense.  It  implies  that  the  mode  field  spreads 
ovor  the  entire  cross  section  of  the  fiber  should  let  d^ldx.  and  ff^^yfdx^  become 
negligible  in  comparison  with  d^^/dx^  and  Therefore  for  higer  order 

modes  this  assumption  would  lead  to  a  decrease  in  the  accuracy.  If  we  choose  one 

frequency  (  from  V  =  4.00,  6.00  )  and  check  the  error  of  the  results  for  Efi  mode 

and  Ef2  mode,  we  could  find  that  our  results  meet  the  expected  result  of  this 
intrinsic  restriction,  however  the  results  from  Ref.  3.  did  not  meet. 

From  Table  I  and  Table  II  we  could  find  that  in  the  low  frequency  r^on  our 
results  are  better  than  those  of  Rei.  3.,  even  in  the  region  very  near  to  cutoff  (  V  < 
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1.5  ),  this  cannot  be  done  by  any  other  procedure.  Also  we  found  that  as  the 
frequency  is  away  frona  the  cutoff  value,  the  error  of  our  results  will  become 
smaller  gradually.  This  means  that  in  the  high  frequency  region  the  accuracy  of 
the  results  can  also  be  obtained  by  our  procedure,  but  this  can  not  be  obtained  by 
Ref.  3..  Moreover  we  has  led  to  an  procedure  to  find  the  field  distribution  for 
guided  modes.  Therefore  our  procedure  is  reasonable  and  powerful. 
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LATTICE  SITE  OF  TRANSITION  HETAL  AND  RARE-EARTH  INPURITIES  IN 
LlNbO^  SINGLE  CRYSTALS.  AN  EXAFS  STUDY 


C.  Zaldo  and  C.  Prieto 

Instituto  de  Ciencia  de  Materiales  de  Madrid.  C.  S.  I.C. 

Campus  Universltarlo  de  Cantoblanco.  C-IV.  28049  Madrid.  Spain. 

Abstract:  Extended  X-ray  Absorption  Fine  Structure  (EXAFS) 
spectroscopy  has  been  used  to  study  the  lattice  site  of 
Impurities  in  lithium  nlobate  single  crystals.  The  determination 
of  the  distances  from  the  Impurity  to  the  first  oxygen 
coordination  sphere  and  to  the  niobium  neighbours  gives  the 
lattice  site  of  the  Impurity  and  Its  displacement  along  the 
c-axls  of  the  lattice.  In  this  ww.  It  has  been  determined  Uie 
position  of  transmit  Ion  ^jaetal  (Ni^*,  Fe^*,  Tl**,  Hf**  and  Ta“*) 
and  rare-earth  (Er^*,  Nd^*)  Impurities. 

INTRODUCTION 

Lithium  nlobate  single  crystals  have  found  application  In  the 
optoelectronic  area  as  waveguide  subtrates,  photorefractlve  devices 
and  solid  state  laser  matrices.  These  applications  are  related  to  the 
properties  of  the  Impurities  Introduced.  Waveguides  are  commonly 
produced  by  diffusion  of  Ti  in  LlNbO^  subtrate^.  Photorefractlve 
properties  are  due  to  the  incorporation  of  Fe  auwl  other  transition 

metal  ions  .  Nd  and  other  rare-earth  ions  have  been  used  to  Induce 

3  4 

laser  action  in  LlNbO^  bulk  single  crystals  and  waveguides  . 

In  spite  of  the  Important  roles  of  the  impurities  In  LlNbO^, 
their  lattice  locations  have  been  Ignored  until  very  recently.  The 
reason  of  that  fact  has  been  that  the  first  coordination  sphere  of  the 
three  possible  lattice  locations  (Li,  Nb  or  vacancy  lattice  sites)  are 
rather  similar. 

EXAFS  spectroscopy  may  provide  direct  information  on  the  nature, 
number  and  distance  of  the  neighbors  around  of  the  atoms  tested.  From 
this  information  the  lattice  site  location  of  the  impurity  may  be 
Inferred  and  compared  with  the  information  gl''en  by  the  other 
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techniques  applied  recently  to  Investigate  the  lattice  site  of 
Impurities  In  LlNbO^:  Rutherford  backseat ter Ing  (BBS),  Proton  Induced 
X-ray  Emission  (PIXE)/channellng  spectroscopies^  and  ENDOR^. 


Congruent  LlNbO^  single  crystals  have  been  grown  by  the  Czochralskl 
method  with  different  Impurities  of  transition  metals  and  rare-earth 
eleMnts.  As  a  general  rule,  to  obtain  a  signal  to  noise  ratio  vdiich 
allows  us  the  analysis  of  the  spectra  a  minimum  of  0.5%  molar 
concentration  of  impurity  In  the  crystal  was  required. 

Fluorescence  EXAFS  spectra  were  acquired  at  room  temperature  at 
the  K-edge  of  the  first  series  of  transition  Mtal  and  at  the 
Lj^j-edge  of  the  rare-earth  and  third  series  of  transition  metal  Ions. 
We  used  synchrotron  radiation  emitted  by  the  L.U.R.E.  (Orsay)  D. C. I. 
storage  ring  running  at  1.85  GeV,  with  an  average  current  of  250  mA. 
X-rays  were  monochromatlzed  using  a  81(311)  double-crystal 
spectrometer.  Detection  of  the  total  fluorescence  yield  has  been  made 
using  a  plastic  scintillator  attached  to  a  photomultiplier. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  method  for  the  analysis  of  the  experimental  data  has  been 

described  previously^’®.  The  atomic  Radial  Distribution  Function  (RDF) 

Is  related  to  the  fourler  transform  of  the  EXAFS  signal,  z(A), 

weighted  by  the  third  power  of  the  photoelectron  momentum,  k. 

As  an  example.  Fig.  1  shows  the  RDF  around  the  Fe  Impurities  in 

LlNbO^.  Peak  I  is  related  to  the  first  oxygen  coordination  sphere  and 

peaks  II  and  III  to  the  niobiiui  neighbors.  The  contribution  of  Li 

neighbors  to  the  RDF  has  been  Ignored  because  of  its  low 

backseat ter Ing  amplitude.  On  the  other  hand  the  contribution  of  oxygen 

shells  different  from  the  first  one  has  been  found  to  be  minor 

7  8 

compared  with  the  contribution  of  niobium  ’  . 

In  order  to  determine  the  actual  distances  from  Fe  to  oxygen 
and  niobium  neighbors  we  have  fitted  the  experimental  data  with  the 
well  known  EXAFS  expression®: 


Lattice  site  of  impurities  in  LiNbO^.  An  EXAFS  study.  [361]/49 

Xik)  •Z - exp(-2kV)  exp(-r  «  /k)  f  (k)  sin(2Wl (k) )  [il 

j  kkj  J  J  J  J  J  J 

where  J  indicates  different  coordination  shells.  is  the 

coordination  nuaber,  is  the  neighbor  distance,  is  the 

Debye-Ualler  disorder  parameter,  is  the  backseat ter Ing  a]^>litude  of 
the  neighbors,  is  related  to  the  mean  free  path  of  the 

photoelectron  and  is  the  fdiase  shift. 


worn 


0  1  2  3^4  6  6 

DISTANCE  .  A 

Fig.  1.  Fourier  Transform  of  k^x(k)  from  k»4  to  10  A”^  of  the 
EXAFS  signal  of  Fe  in  LlNbO^. 

In  the  fitting  procedure  a  filtering  has  been  performed  in  order 
to  fit  each  peak  of  the  RIF  separately.  Peak  I  has  been  fitted  with 
two  different  oxygen  distances,  though  in  most  cases  there  was  a 
convergence  to  a  unique  one,  on  the  other  hand  peaks  II  and  III  have 
been  fit  with  two  different  niobium  distances.  was  assumed 

according  to  the  expected  coordination  of  the  LiNbO  lattice.  The 

2  * 
values  of  Ry  and  F^  obtained  from  the  best  fits  are  summarized  in 

Table  I. 

In  order  to  decide  the  lattice  site  of  the  impurity  and  its  shift 
along  the  c-axis,  the  impurity-neighbor  distances  obtained  from  the 
fits  of  the  EXAFS  spectra  must  be  compared  to  those  expected  from  the 
LiNbO^  lattice.  Fig.  2  summarizes  the  distances  from  the  center  of  the 
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TABLE  I.  Siumary  of  results  obtained  froa  the  fittings  of  the 
the  EXAFS  spectra  using  Eq.  [1]. 


Ion 

Pair 

N 

R(A) 

<r  (A  ) 

r(A‘*) 

A(A) 

( s 1 te/technlque ) 

Nl*" 

Nl-0 

Nl-Nb 

6 

6 

2.01 

3. 1 

0.08 

0.09 

1.8 

1.8 

0 

(Ll/EXAFS) 

Fe-0 

3 

2.041 

0.086 

1.0 

_  3*  Fe-O 
Fe-Nb 

3 

4 

2.298 

3. 199 

O.IOS 

0.06 

-0.5  (Ll/EXAFS.  PIXE) 

Fe-Nb 

3 

3.398 

0.049 

1.0 

Tl** 

Tl-O 

Tl-Nb 

6 

7 

1.97 

3. 18 

0.08 

0.06 

1.9 

1.9 

0 

(Ll/EXAFS) 

Hf-0 

6 

2.065 

0.094 

2.2 

Hf** 

Hf-Nb 

1 

2.57 

0.089 

2.2 

0 

(Ll/EXAFS, BBS) 

Hf-Nb 

6 

3.30 

0.085 

2.2 

Ta-0 

3 

1.93 

0.08 

4.75 

Ta®" 

Ta-0 

3 

1.99 

0.08 

4. 75 

+0.25 

(Nb/EXAFS, BBS) 

Ta-Nb 

6 

3.68 

0.09 

4.75 

Er-O 

6 

2.00 

0.067 

2.8 

Er^* 

Er-Mb 

4 

3.05 

0.105 

2.8 

0 

(Ll/EXAFS, BBS) 

Er-Nb 

3 

3.60 

0.022 

2.8 

Nd-0 

6 

2.03 

0.077 

2.0 

0 

(Nb/EXAFS) 

no 

Nd-Nb 

6 

3.65 

0.082 

2.0 

(LI  and  Nb/BBS) 

Fig.  2.  Impurity  host  Ions  radial  distances  calculated  for 
oxygens  (dashed  lines)  and  niobium  (continuous  lines)  In  the 
lithium  nlobate  lattice  as  a  function  of  the  shift,  5,  from  the 
centre  of  the  octahedron,  a)  Ll-site.  b)  Nb-slte. 
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oxygen  octahedra  to  the  oxygen  and  nioblun  Ions.  The  distances  are 
given  as  a  function  of  the  dlsplacenent,  A,  from  this  center. 

Fro*  the  Inspection  of  Table  I,  It  nay  be  observed  that  the  LI 
site  is  cowBonly  found  for  transition  netal  Ions  with  a  valence  equal 
to  or  less  than  4+.  Only  Ta^  replaces  lattice  nloblm  cations. 

This  experlaental  conclusion  agrees  with  the  theoretical 
expectation  on  the  Incorporation  of  l^f>urltles  In  LlNbO^^°.  It  has 
been  concluded  that  the  Incorporation  of  2.*  and  S-f  Ions  renoves  the 
nlobl\uis  antlslted  In  LI  sites.  However  the  rare-earth  iapurlties  do 
not  seen  to  follow  this  rule  and  they  are  found  In  LI  and  Nb  sites. 

Though  our  results  Indicate  a  well  defined  lattice  site  for  the 
Inpurltles  reported  In  Table  I.  a  nlnor  fraction  of  those  Inpurltles 
In  other  lattice  envlronnents  can  not  be  excluded. 

CONCLUSIONS 

We  have  shown  that  EXAFS  spectroscopy  nay  detemlne  the  lattice 
location  of  transition  netal  and  rare-earth  ions  In  LlNbO^  crystals. 

For  the  Impurity  concentrations  considered  in  this  work  («  0. 5-lX 
aolar)  the  Inpurltles  are  found  In  a  well  defined  lattice  site. 
Transition  netal  Ions  with  valence  s4+  are  found  In  the  Li  site, 
however  3+  rare-earth  Ions  (Er  and  Nd)  are  found  In  Li  or  Nb  sites. 
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Abstract  In  multicomponent  ferroelectric  solid  solu¬ 
tion  system  based  on  PbZrO^  -  P*” 
rovskite-type  structure,  successful  results  such  as 
high  piezoelectric  modulus  d,,*  (120^-  200)  "10"  C/N, 
wide  operating  temperature  (250  -  300  C),  suitable  di¬ 
electric  constant  (ISO  -  550)  and  high  piezoelectric 
modulus  ratio  (3.8  -  6.5)  have  been  obtained. 
Piezoceramics  were  used  in  diminutive  sensors  for  the 
measurement  of  dynamic  pressures. 

INTRODUCTION 

In  spite  of  a  number  of  evident  advantages,  widely 
used  PZT  ceramics  (1]  have  some  shortcomings  which  prevent 
them  from  being  used  in  special  sensors.  Namely,  they  very 
associated  with  small  anisotropy  of  the  piezoelectric  modu¬ 
lus,  low  operating  temperatures,  low  temperature  stability 
of  piezoelectric  modulus  and  high  dielectric  permittivity. 

The  aim  of  this  paper  is  to  show  the  experimental  re¬ 
sults  of  the  piezoelectric  and  dielectric  properties  of 
multicomponent  system  based  on  PbZrO^  -  (K^^  gBi^j  g)TiOg  and 
to  discuss  the  use  of  these  materials  in  the  alternating 
pressure  sensors. 

1.  EXPERIMENTAL  PROCEDURES 

1.1.  Sample  Preparation 

All  the  starting  oxide  powders,  in  stoichiometric  ra¬ 
tio,  were  mixed  in  a  polyethylene  jar  with  agate  balls  in 
distilled  water  for  16  hours.  The  mixed  reagents  were  dried 
and  pressed  under  a  pressure  of  1000  kg/cm  .  Having  been 
calcined  at  850  C  for  3  hours  in  air,  the  pellets  were  cru- 
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shed  in  a  mortar  and  ball-milled  in  a  Jar.  After  drying  and 
dry-pressing,  the  samples  were  finally  fired  at  lOSO^C  for 
1.5  hours  in  lead  oxide  atmosphere.  The  samples  were  poled 
at  ISO^C  and  d.c.  field  strength  of  at  30  kV/cm  in  polysi¬ 
licone  liquid  medium. 

1.2.  Methods  of  Dielectric  and  Piezoelectric  Measurements 

Dielectric  parameters  (  e  and  tg5  )  and  their  tempera¬ 
ture  dependences  were  measured  using  the  bridge  method  at 
at  1  kHz  and  measuring  field  strength  at  3  V/cm,  and  over  a 
temperature  range  of  20'’  to  SOO'c. 

Piezoelectric  modulus  d^^  was  defined  using  the  qua¬ 
sistatic  method  [1]  at  at  20  Hz  but  piezomodulus  elect¬ 

romechanical  coupling  coefficient  K  and  mechanical  quality 

p 

factor  Q  were  estimated  from  resonance  and  antiresonance 

m 

frequencies . 

2.  EXPERIMENTAL  RESULTS 

2.1.  Binary  Piezoceramic  System 

The  study  of  the  (1  -  x)  PbZrO_-  x  K_  _Bi„  _TiO_  solid 

3  0.50.53 

solutions  showed  the  morphotropic  phase  transition  near  the 
concentration  x  ac  0.3,  in  the  vicinity  of  which  the  cera¬ 
mic  materials  have  good  piezoelectric  and  dielectric  pro¬ 
perties  [2]:  d__  at  (100  -  200)  lO'^^  C/N,  d,_  ac  (20  -  50)  x 
X  10*  C/N  and  ac  600  -  2100.  Such  a  combination  of  good 
parameters  is  favourable  for  the  use  of  the  materials  in 
the  piezoelectric  sensors,  since  the  materials  with  high  e 
are  usually  characterized  by  the  negligible  parameter 
drifts  taking  place  under  the  influence  of  great  mechanical 
stress.  However  the  Curie  points  of  this  binary  system  are 
not  high  (T  =  140  -  270’c)  that  restricts  the  scope  of  the 

C 

piezoelectric  sensor. 

2.2.  Ternary  Piezoceramic  System 

To  extend  the  range  of  working  temperatures  and  to  in¬ 
crease  the  anisotropy  of  piezoelectric  modulus,  keeping  the 
high  piezoelectric  characteristics  of  the  material  practi¬ 
cally  unchanged,  an  addition  of  PbTiO^  was  made  to  binary 
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ceramic  system. 

In  the  (0.7  PbZrO^  +  0.3  ^  *  PbTiO^  sys¬ 

tem,  where  PbTiO^  content  was  changed  in  the  range  from 
0.25  to  0.30  mol  X,  a  morphotropic  phase  transition  was  ob¬ 
served  between  the  composition  with  the  tetragonal  struc¬ 
ture  at  X  >  0.30  mol  X  and  rhombohedral  one  at  x  <  0.25 
mol  X.  The  experimental  results  showed  the  effect  of  the 
third  component  doping  on  the  increase  of  T  up  to  270  - 

C 

o 

-  410  C,  the  decrease  of  e.  down  to  157,  the  increase  of 
d^^/e  ratio  up  to  (4.56  -  11.95) -lO"*^  C/N  and 

ratio  up  to  3  -  4.  So,  new  piezoceramic  materials  of  terna¬ 
ry  system  are  of  a  considerable  interest  for  dynamic  pres¬ 
sure  sensors. 

2.3.  Piezoelectric-Polymer  Composites  Based  on  Ternary 
System 

To  be  used  in  broadband  electromechanical  transducers 
and  in  piezoelectric  sensors  with  narrow  beam,  the  piezoac¬ 
tive  materials  must  have  high  anisotropy  of  piezoelectric 
moduli,  low  values  of  e,  high  hydrostatic  piezomodulus 
d^=  d^^  2d,^  and  high  piezoelectric  sensitivity  to  the 

volume  strain  g  =  d  /£  . 

V  V  r 

To  improve  the  material  characteristics  mentioned  abo¬ 
ve,  piezoelectric-polymer  composites  with  connectivity  1  - 

-  3  were  developed. Such  composites  are  based  on  the  ternary 
ceramic  system  (0.7  PbZrO_  +  0.3  K_  _Bi„  _TiO_)  +  0.6  PbTiO 
and  the  epoxy  resin  as  a  binder.  Table  1  shows  the  dielect¬ 
ric  and  piezoelectric  properties  of  the  composites  obtained. 


Table  1  Properties  of  1  -  3  piezoelectric-polymer 
composites 


Volume 

fraction 

(  X  ) 

!  £ 

}  r 

i  *^33  i 
•  -12  * 

!  (»io  ,  ; 

!  C/N)  1 

*^31  i 

(xl0’'f  j 

C/N)  ! 

« 

d  ! 

^-12  * 
(xio  .  ; 

C/N)  ! 

C/N) 

40 

74 

46 

-5 

36 

0.49 

55 

160 

57 

-7 

43 

0.27 

90 

240 

85 

-11 

63 

0.25 
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As  seen,  the  piezoelectric  properties  of  the  coaposite 
■aterisls,  such  as  d^,  auch  higher 

than  that  of  the  piezoelectric  bulk  ceraaic.  Because  their 
characteristics  are  better  than  that  of  PZT  and  epoxy  resin 
coaposites  (c^at  300,  a<  0.0510'*^  C/N,  d^  a  1710’^^  C/W), 
therefore  the  developed  aaterials  are  very  useful  for  the 
different  applications. 

2.4.  Four-coaponent  Piezoelectric  Ceraaic  Systea 

With  a  view  to  developing  a  new  aaterial,  the  influ¬ 
ence  of  electrophysical  proper¬ 

ties  of  ternary  PbZrO  -  -Bi.  _TiO_  -  PbTiO_  systea  has 

3  0.90.9  3  3 

been  studied.  The  aain  paraaeters  of  the  ceraaic  systea 
studied  are  given  in  Table  2. 


Table  2  Dielectric  and  piezoelectric  properties  of 
four-coaponent  ceraaics 


f 

f 

Dope  { 

(wt.%)  j 

f 

T 

c 

(*K) 

1  1 

t  1 

1  f 

1  I 

1  f 

1  1 

•  1 

d  *  d  '  d 

'  ^1x2  5  *.12 

(xlO  ,  •  (xlO  ,  1  (>«io  , 

C/N)  1  C/N)  1  C/N) 

» 

f 

1 

1 

t 

1 

» 

‘*3t 

1 

650 

460 

154 

30  7,6 

5,1 

5 

630 

370 

169 

26  8,1 

6,5 

10 

600 

470 

169 

37  7,7 

4,6 

20 

570 

630 

185 

43  7,6 

4,3 

40 

530 

850 

195 

46  6,5 

4,2 

Note 

that 

the  materials 

obtained  are  characterised  by 

large  values  of  ratio 

d33/d 

3^  ai  3.8  -  6.5,  high 

values  of 

piezomoduli  d 

at  (125  - 

-  200) 

10**^  C/N,  d^^ac  (30  - 

47) 

•10-” 

C/N  and 

‘^33^’^*  - 

8)10‘ 

C/N. 

3.  DIMINUTIVE  PIEZOELECTRIC  SENSOR  FOR  ALTERNATING 

PRESSURE 

On  the  basis  of  new  piezoelectric  aaterials  mentioned 

above,  a  diminutive  sensor  (  diameter  3.5  mm,  length  10  am) 

has  been  worked  out  for  the  dynamic  pressure  measurements 
•2 

(  from  10  to  2.5  MPa)  in  suction  and  compression  chambers 
of  compressors  of  refrigeration  plants  with  operating  fre¬ 
quency  (5  -  20) -10^  Hz. 


MULTICOMPONENT  PIEZOCERAMIC  PRESSURE  SENSORS 
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FIGURE  1  The  construction  of  the  sensor  for 
alternating  pressure 

The  construction  of  the  sensor  is  shown  in  Figure  1.  A 
■ensuring  pressure  is  acting  on  the  thin  Beabrane  (  thick¬ 
ness  0.1  lUB  )  1  and  hemisphere  element  2  which  transfer 

an  alternating  load  to  the  piezoceramic  disk  3.  The  hemi¬ 
sphere  2  provides  the  uniform  distribution  of  forces  all 
over  the  whole  plate  of  the  piezoelement .  Piezoelectric 
charge,  proportional  to  the  pressure  applied,  is  removed 
from  the  silver  electrodes  by  a  contact  4.  separated  from 
the  body  6  by  the  insulator  5  (6  is  the  second  contact). 
The  signal  obtained  is  subjected  to  some  analysis  by  the 
measuring  apparatus. 

Tests  show  that  the  temperature  error  at  a  temperature 
change  up  to  600  K  and  a  time  error  of  piezoceramic  alter¬ 
nating  pressure  sensor  is  not  more  than  1  X. 
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Maatract  1.3.1  piazolectric-polymar  componltas  ara  mada  on  tha 
basis  of  non-Bsachanlcal  contact  bat%iiaan  tha  polymar  matrix  and  tha 
PZT  rods  within  the  transverse  directions.  The  gh.dh  hydrostatic 
figures  of  merit  lie  between  10.10*^*  Pa~^  and  27.10'^^Pa*^. 

A  gh.dh  of  19.10*^*Pa~^  is  obtained  with  variations  lower  than  IdB 
from  the  room  pressure  to  10  MPa.  The  great  influence  of  the 
uniaxial  stress-dependence  of  the  PZT  longitudinal  figure  of  merit 
is  analysed  and  is  considered  as  the  basis  of  the  optimalisation 
of  the  piezocomposite. 


ITBOIWICTIOR  -  1.3.1  P1RZOO0MPO8ITR8 

The  low  hydrostatic  coupling  efficiency  of  PZT 
is  a  well-known  problem.  Lead  titanates, 

modified  lead  titanates  or  lead  metaniobates 
are  interesting  solutions  because  of  their  high 
hydrostatic  figures  of  merit  and  their  large 
pressure  stabilities.  Piezocomposite  materials,  1 
despite  their  difficult  elaboration,  are  even 
more  interesting  because  they  reach  very  high 
hydrostatic  figures  of  merit  with  a  reasonable  FZ6URB  1  i 

pressure  stability.  The  highest  figures  of  A  1.3.1  composite 

merit  have  been  obtained  by  Newnham  and  device 

co-workers  on  the  1.3  piezocomposite  basis 

Hydrostatic  figures  of  merit  up  to  lOO.lO'^^Pa'^have  been  reached  with 
complex  1.3  composite  devices.  Foamed  polyurethane  matrices*,  matrices 
with  a  single  large  void  *  or  fiber  reinforced  matrices^  are  some 
technical  solutions  to  reach  high  hydrostatic  figures  of  merit,  but 
all  the  previous  realizations  are  based  on  needle  shaped  PZT  rods. 
This  fine  rod  shape,  of  which  the  fabrication  is  delicate,  is  the 
solution  for  an  accurate  stress-transfer  from  the  compliant  phase  to 
the  stiff er  one.  In  order  to  make  a  1.3  composite  with  a  more  comnon 
PZT  rod  shape,  a  transducer  was  designed  with  the  rod  shape  not  so 
much  involved  in  the  stress-transfer  accuracy  .  This  device  presents 
the  general  properties  of  a  1.3  piezocomposite  but  without  lateral 
contact  between  the  polymer  matrix  and  the  PZT  rods. Ho  charges  eure 
then  generated  by  the  lateral  coupling  of  the  PZT.  The  stress  transfer 
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batwaen  the  PZTand  the  polymer  is  carried  out  by  two  metallic  armature 
plates  also  used  as  electrodes.  A  1.3.1  conposlte  transducer  Is  dravm 
on  Figure  1.  The  second  number  "I"  in  the  "1.3.1”  connectivity 
designation  stands  for  the  air  surrounding  the  PZT  rod. 


Three  shapes  of  sample  have  been  tested  t 

-  30x30  am  square,  Smm  thick  with  4  to  25  rods,  each  rod  is 
inserted  in  a  4  mm  diameter  hole  (  perforated  matrix  type). 

-  30x30  mm  square,  Smm  thick  with  a  single  22x22  am  square 
large  void  where  the  rods  are  inserted  in  (shell  matrix  type). 

-  10am  in  diameter,  Smm  thick  cylindrical  sample  with  only 
one  PZT  rod. 

The  polymer  matrix  is  made  with  epoxy  resin  (Araldite  D  Hy9S6  from 
Ciba-Geigy  )  or  polyurethane  resin  (Flexcomet  80  or  94  SA) .  The  matrix 
is  cut  to  the  desired  size,  the  holes  are  then  drilled  as  numerous  as 
it  is  necessary  to  get  the  right  volume  ratio. 

The  armature  plates  are  cut  in  sheet  steel  of  various  thicknesses. 

The  piezoelectric  rods,  2.7am  in  diameter  and  Sam  high  are  used.  This 
is  the  smallest  size  industrially  manufactured  in  quantities  for 
impact  high  voltage  ignitors.  It  is  a  Navy  I  type  PZT  :  TDK  FM91e  . 

PZT-Bpoxv  coamosite  realisations 

Figure  2  shows  the  variations  of  the  gh.dh  figure  of  aierit  as  a 
function  of  the  PZT  volume  fraction.  These  results  are  obtained  with 
square  shaped  samples  for  various  plate  thicknesses.  The  ratio  of  the 
hole  radius  to  the  rod  radius  is  constant  and  equal  to  1.5  .  Figure  3 
shows  the  variations  of  the  gh.dh  figure  of  merit  as  a  function  of  the 
matrix  hole  diameter.  The  rod  diameter  is  held  constant  and  equal  to 
2.7  mm.  These  results  are  obtained  with  cylindrical  samples  for 
various  plate  thicknesses.  Very  low  pressure-dependences  have  been 
measured  on  these  samples  presenting  too  low  hydrostatic  figures  of 
merit.  Some  variations  have  been  observed  caused  by  assembling 
defects. 


FIGURE  2  Square  samples 


FIGURE  3  Cylindrical  samples 
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P«T-Polvur«th«iMi  coMpoaif  r— liaatloM 

In  ord«r  ti.  incrMM  th«  flgura  of  Mrit,  it  is  necessary  to  increase 
the  matrix  hole  diameter  or  to  increase  the  polymer  cos^liance.  As  it 
is  rather  difficult  to  bond  correctly  the  armature  plates  on  a  satall 
area  of  epoxy  ,  we  experimented  with  polyurethane  resins.  The  results 
obtained  with  the  perforated  type  matrices  are  reported  on  table  1. 
0  is  the  stress  amplification  ratio  defined  afterwards. 


TABLI  1  PZT-polyurethane  composite  with  a  perforated  matrix 


■aapl* 

nunbar 

PU 

typ« 

PIT 

volua* 

« 

nuob 

of 

rods 

hoi* 

(«») 

gh.dh 

TP«'* 

0 

a(gh.dh) 
to  lOMP* 

aOh.dh) 
to  15MP* 

a(gh.dh) 
35  cycl** 
to  lOMP* 

a(gh.dh) 

35  cycl** 
to  15MPa 

94SA 

15.9 

25 

n 

16.7 

ED 

♦0.75d8 

/ 

/ 

/ 

aosA 

15.9 

25 

B 

24.0 

*0.3SdB 

-0.8dB 

/ 

/ 

80SA 

15.9 

35 

B 

25.5 

>0.41dB 

-0.9dB 

/ 

/ 

3192 

94SA 

10.2 

16 

6 

27 

5.4 

tO.OdB 

-3  dB 

-1.7dB 

/ 

3193 

94SA 

15.9 

25 

4 

IS 

3.3 

+0.7dB 

-^O.OdB 

-O.ldB 

/ 

3302 

80SA 

15.9 

25 

4 

19.3 

3.7 

+0.6dB 

-0.2dB 

-O.ldB 

-1.2dB 

The  results  obtained  with  the  shell  type  matrices  are  reported  on 
table  2.  As  the  bonding  of  steel  on  a  polyurethane  matrix  is  less 
homogeneous  than  on  epoxy,  it  was  necessary  t  embed  completely  the 
device  in  polyurethane  resin  to  avoid  oil  penetration  between  the 
matrix  and  the  plates.  The  first  samples,  not  embeded,  have  been 
filled  up  with  oil  during  the  first  pressure  testing  cycles. 
Hydrostatic  figures  of  merit  up  to  27.10*^^Pa*^  have  been  reached. 


TABLE  2  PZT-polyurethane  composite  with  a  shell  type  matrix 


■aapl* 

nuab*c 

PU 

typo 

PZT 

volun* 

t 

numb 

of 

rod* 

gh.dh 

TPa*‘ 

9 

n(gh.dh) 
to  lOMPa 

a(gh.dh) 
to  ISMPa 

a(gh.dh) 

35  cycle* 
to  lONPa 

a(gh.dh) 

35  cycle* 
to  ISMPa 

3156 

94SA 

10.2 

16 

18.2 

4.3 

-1.9dB 

/ 

/ 

/ 

3157 

94SA 

15.9 

25 

15.3 

3.1 

+0.4dB 

-1.3dB 

/ 

/ 

3158 

94SA 

22.9 

36 

10.9 

2.3 

♦O.SdB 

«0.2dB 

/ 

/ 

Figure  of  merit  variations  with  the  hydroetatic  pressure 
The  composite  pressure  stability  is  evaluated  as  follows.  At  first,  a 
measur«nent  under  atmospheric  pressure  is  made.  The  hydrostatic 
pressure  is  slowly  increased  at  a  7.5MPa/h  speed  until  lOMPa  .  It  is 
then  symetrically  decreased  until  the  atmospheric  pressure.  Gh.dh 
measurements  are  made  continuously  during  this  cycle.  Another  pressure 
cycle  until  a  15MPa  hydrostatic  pressure  is  similarly  driven.  Then  3S 
cycles,  20  minutes  long,  are  applied  until  10  MPa  followed  by  35 
cycles  until  15  MPa.  During  these  two  tests  the  gh.dh  measurements  are 
made  on  the  highest  and  lowest  pressure  steps.  These  4  tests  are 
separated  by  at  least  a  24  hours  recovering  period  under  atmospheric 
pressure. The  gh.dh  under  pressure  are  reported  on  tables  1  and  2  and 
are  expressed  in  dB  relatively  to  the  first  gh.dh  measurement  without 
pressure.  Figure  4  shows  typical  variations  for  dh  and  cr  as  a 
function  of  the  hydrostatic  pressure  for  a  1.3.1  piezocomposite. 
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PIT  LOWGITODIIIAL  CaARACT«RISTICS  DBPHIDRMCl  OH  OHIAXIAL  ST"*-*** 

Aa  a  raault  of  the  atreas  tranafer,  the  longitudinal  atreaa  applied  to 
the  PZT  roda  can  be  aeveral  timea  the  hydroatatic  preaaura  applied  to 
the  compoaite.  For  the  aanple  number  3192  under  a  ISMPa  hydroatatic 
preasure,  a  SlMPa  uniaxial  atreaa  ia  applied  to  the  roda  along  the 
polarization  direction.  Then,  the  atreaa  dependence  of  the  PZT  933 *<133 
figure  of  merit  ia  the  keyatone  of  the  compoaite  hydrophone  deaign. 


FIGURE  4  pressure  dependence  of  ^-’IGURE  5  Uniaxial  stress  depen- 
the  piezocomposite.  dence  of  the  PZT. 

This  stress  dependence  has  been  evaluated  by  Krueger^  for  PZT-4,  PZT-5 
and  PZT-8  materials.  A  special  device  allowing  d  and  a 
measurements  under  high  uniaxial  stress  is  built  and  used  to 
characterize  the  PZT  TDK  FM91e.  The  933'<i33  changes  are  evaluated  with 
a  slowly  applied  stress  until  140MPa.  The  933 ><^33  fi9ure  of  merit  and 

«  gg  versus  the  uniaxial  stress  T^  are  plotted  on  figure  5.  The  PZT 
figure  of  merit  is  also  measured  during  multiple  stress  cycles  up  to 
40,  60,  80  and  lOOMPa.  These  repeated  stress  cycles  proved  that  even 

if  the  PZT  shows  a  rather  weak  933><i33  decrease  during  the  first  slow 
stress  cycle  (corresponding  to  Figure  5),  multiple  stress  cycles  are 
able  at  long  duration  to  decrease  it  more  significantly.  Figure  6  is  a 
plot  extrapolated  from  stress  cycle  measurements  presenting  the  933<l33 
changes  versus  the  stress  cycle  amplitude.  The  continuous  curve 
corresponds  to  measurements  made  on  the  lowest  stress  steps  (1  MPa) 
and  the  dotted  curve  to  measurements  made  on  the  highest  stress  steps 
(40,60,80  or  100  MPa  depending  on  the  stress  cycle  amplitude).  It  ia 
noticed  that  the  main  decrease  begins  near  40MPa,  the  same  stress 
corresponding  to  the  maximum  of  the  933><^33  versus  stress  plot.  The 
PZT  material  will  then  be  considered  as  stable  only  until  the  stress 
corresponding  to  this  maximum,  noted  here  equal  to  40MPa. 

PIEZOCOMPOSITE  OPTIMALIZATIOII  WITB  PZT  TDK  FM91e 

Theoretical  model  for  1.3.1  piezocoig)oslteB 

The  theoretical  model  is  based  on  the  following  assumptions: 
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*  No  transverse  stress  applied  to  the  piexoelectric  rods 

*  Cylindrical  geometry  of  the  assembly. 

*  Uniform  strain  of  the  polymer  matrix. 

*  Stress  transfer  assumed  by  the  rigid  plates. 

*  Cylindrical  symetric  flexure  strain  of  the  plates. 

*  The  matrix-plate  and  rod-plate  bondings  are  perfect. 

The  stress  transfer  is  calculated  for  only  one  elementary  call:  a  rod 
in  a  matrix  hole.  To  simulate  the  hydrostatic  properties  of  a 
multi-rod  composite,  we  formulated  the  assumption  that  an  assembly 
made  with  many  cells  presents  the  same  behavior  as  one  cell.  The  model 
allows  to  calculate  an  amplification  coefficient  p  which  is  the 
uniaxial  stress  to  the  hydrostatic  pressure  ratio.  As  no  transverse 
stress  is  applied  to  the  rods,  the  expression  of  the  resulting  gh.dh 
can  be  summarized  as  follows: 
gh.dh  -  0*  .  gjg.  dg,.  v 

where  ggg  and  dgg  are  the  PZT  piezoelectric  coefficients  and  v  is  the 
PZT  volume  fraction. 

Partitioning  the  plane  defined  by  gh.dh  and  the  PZT  volume  fraction 
Now  the  3  constant  locus  in  the  plane  do^lned  by  gh.dh  and  the  PZT 
volume  fraction  is  considered.  It  is  a  straight  line.  Ics  slope  is 
proportional  to  3  According  to  the  PZT  stability  criterion  defined 
previously,  a  maximum  useful  hydrostatic  pressure  allows  to  calculate 
a  value  equal  to  Tg^^^^  divided  by  this  maximum  pressure  (for 

PZT  TDK  FM91e  40MPa).  By  this  way,  the  upper  straight  line  on 

Figure  7  corresponds  to  a  maximum  hydrostatic  pressure  equal  to  lOMPa 
while  the  lower  one  is  representative  of  a  ISHPa  limit.  Above  the 
line,  the  composite  transducer  is  unstable.  Also  plotted  on  Figure  7 
are  some  of  the  experimental  PZT-Polyurethane  composite  representative 
points  . 


xlO-ii  PZT  TDK  PM91*  /  EPOXY  COMPOSITE  OPTIMAUSATION 


FIGURE  6  PZT  933. dgg 
variations 


FIGURE  7  1.3.1  piezocomposite 

optimalisation 
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1.3.1  PlT-^>oxy  copoaite  preaaure-dependence  oi>t<Mliaatlon 
Finally,  the  theoretical  gh.dh  versus  the  PZT  volume  fraction  curves 
given  by  our  model  are  superimposed  on  figure  7.  Those  curves  are 
calculated  for  idealized  1.3.1  composites  (  the  matrix  holes,  the 
largest  possible,  are  tangent  to  each  other  in  a  square  arrangement) 
and  give  an  upper  limit  for  various  plate  thicknesses.  The  maximum 
gh.dh  for  high  pressure  applications  are  estedslished  near  25.10'^^Pa'^ 
for  a  10  MPa  use  and  near  19.10*^^  Pa*^  for  a  15  MPa  use  by  the 
intersections  between  the  theoretical  curves  and  the  straight  lines. 
These  optimums  are  obtained  for  a  1mm  thick  armature  plates  and  with 
18%  and  29%  PZT  volume  fractions.  Note  that  only  theoretical  plots  for 
PZT-epoxy  composites  are  proposed  because  difficulties  were 
encountered  to  caracterize  accurately  the  polyurethane  resin.  Slight 
changes  of  these  limits  could  occur  when  using  polyurethane  . 


OOHCLOSIOM 

It  is  experimentally  and  theoretically  shown  that  no  lateral  contact 
between  the  PZT  rod  and  the  matrix  allows  high  hydrostatic  figures  of 
merit  without  using  very  small  diameter  PZT  rods.  Industrial  PZT  rod 
shapes  permit  a  gh.dh  equal  to  19.10'^^Pa*^  under  a  15  MPa  hydrostatic 
pressure  with  a  good  stability.  It  is  pointed  out  that  the 
pressure-dependence  of  those  composites  is  directly  connected  with  the 
longitudinal  stress  dependence  of  the  PZT.  A  characterization  of  the 
PZT  TDK  FM91e  rods  under  high  stress  established  that  a  maximum 
uniaxial  stress  equal  to  40MPa  must  not  be  overtaken  in  order  to 
conserve  a  good  stability  along  stress  cycles.  According  to  that 
limit,  the  highest  figure  of  merit  with  PZT  TDK  FM91e-epoxy  composites 
are  25.10*^*  Pa’^under  a  10  MPa  hydrostatic  pressure  and  19. 10'^*Pa**^ 
under  a  15MPa  pressure.  This  simple  1.3.1  piezocomposite  application 
allows  to  approach  the  optimized  figures  of  merit. 

A  similar  calculation  based  on  Navy  III  type  PZT  coefficients 
dependence  on  the  uniaxial  stress  showed  the  possibility  to  reach 
higher  figures  of  merit  to  an  even  higher  hydrostatic  pressure. 
Further  experiments  are  in  progress  to  verify  that  point. 
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Abstract  Piezoelectric  0-3  ceranic-glass  conposites  have  been 
developed  by  firing  a  Mixture  of  modified  Lead  Zirconate  Titanate 
(FZT)  and  a  lead  based  glass  powder.  Conposites  with  58  to  92 
voliwe  percent  PZT  were  fabricated  and  their  dielectric, 
piezoelectric  and  hydrostatic  properties  have  been  deterained. 
The  hydrostatic  properties  were  pressure  independent  and  the 
Material  shoved  good  mechanical  stability.  The  measured 
properties  of  the  composites  s^est  that  they  could  be  useful  in 
hydrophones  and  also  as  acoustic  backing  material. 


INTRODUCTION 

Electroceraaic  composites  are  today  being  increasingly  used  as 
transducer  materials.  By  a  suitable  choice  of  the  phases  and 
connectivities,  the  properties  of  the  composites  can  often  be  tailored 
to  meet  design  requirements i.  The  preparation  and  properties  of  a 
large  variety  of  piezoelectric  ceramic-polymer  composites  have  been 
reported^.  However,  the  use  of  a  polymer  matrix  restricts  the  use  of 
these  composites  to  relatively  low  temperatures.  Grain-oriented 
glass-ceramics,  based  on  fresnoite,  have  been  developed  for 
piezoelectric  applications 3,  but  they  show  poor  mechanical  integrity 
and  their  fabrication  requires  temperature  gradient  crystallisation 
which  is  inconvenient.  Conventional  glass-ceramic  processing  has  also 
been  used  to  fabricate  piezoelectric  glass-ceramics  based  on  Lead 
Titanate^.  Ve  have  used  similar  techniques  to  fabricate  piezoelectric 
glass-ceramic  composites  using  a  mixture  of  Lead  Zirconate  Titanate 
and  lead  based  glass  powders  and,  in  this  paper,  we  report  on  the 
dielectric,  piezoelectric  and  hydrostatic  properties  of  these 
composites. 


MATERIAL  FABRICATION 

The  piezoelectric  material  chosen  was  a  Navy  Type  V  modified  Lead 
Zirconate  Titanate  (PZT)  composition  marketed  by  Sensor  Technology 
Ltd.  as  BM  532  material.  This  material  has  a  high  dielectric  constant 
(~3250)  and  good  piezoelectric  properties  (dsj  ~  580  pC/N).  The  ^lass 
used  in  our  composites  is  a  proprieta^  lead  based  composition 
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developed  by  Sensor  Technology  Ltd.  (BMIOOO)  for  the  production  of 
polar isable  glasses.  This  glass  has  a  relatively  low  softening 
teaperature,  which  aakes  for  easier  processing;  it  is  cheaically 
coq>atible  with  the  ceraaic  particle  and  it  has  good  electrical 
insulation  properties  which  aakes  poling  easier. 

The  PZT  and  glass  powders  had  a  particle  size  of  2  to  4  /ta.  The 
powders  were  aixed  in  the  desired  coaposition  and  the  aixture  was 
ailled  in  aethanol  for  two  hours  and  pan  dried.  A  57i  solution  of 
poly-vinyl-alcohol  (Air  Products  107)  was  added  to  the  powder  as  a 
binder  and  discs,  25  aa  in  diaaeter  and  2.5  n  thick,  were  pressed 
at  a  pressure  of  20  MPa.  The  binder  was  burnt  out  by  heating  at 
500oC  and  the  discs  were  fired  at  teaperatures  of  between  550  to 
600°C.  These  sintering  leaperatures  were  sufficiently  low  that  no 
additional  precautions  were  taken  regarding  the  ataosphere  during 
sintering;  however,  the  firing  was  carried  out  in  covered  aluaina 
crucibles.  The  fired  discs  were  ground  to  produce  unifora  diaensions 
and  a  silver  coaposition,  with  a  low  firing  teaperature,  was  applied 
to  fora  the  electrodes.  The  discs  were  poled  for  30  ainutes  with  an 
electric  field  of  5  IV/aa  at  a  teaperature  of  120oC. 

Since  the  properties  of  0-3  coaposites  are  known  to  be  a  function 
of  their  coaposition,  a  total  of  6  coapositions  were  fabricated  with 
their  PZT  content  in  the  range  of  58  -  92  voluae  percent. 


MATERIAL  PROPERTIES 

The  dielectric  constant  and  the  dissipation  of  our  saaples  were 
aeasured  at  rooa  teaperature  and  at  a  frequency  of  1  KHz.  Their 
values  are  shown,  as  a  function  of  PZT  content,  in  Figure  1.  The 
dielectric  constant  is  found  to  be  auch  lower  than  the  value  for  the 
bulk  PZT  (~  3250)  while  the  dissipation  also  is  soaewhat  reduced  when 
coapared  with  bulk  PZT  value  (~  0.02). 

The  piezoelectric  dsj  coefficients  of  the  discs  were  deterained 
by  using  a  Berlincourt  type  das  Meter.  As  shown  in  Figure  2(a),  the 
das  values  of  the  coaposites  show  a  roughly  linear  increase  as  a 


Volume  %  PZT 


Volume  %  PZT 


FIGURE  1.  The  dielectric  constant  and  the  dissipation  of  the 
coaposites  as  a  function  of  PZT  voluae  percent. 
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FIGURE  2.  The  piezoelectric  djs  coefficient  and  the  coupling  constants 
of  the  coaposites  as  a  function  of  PZT  content. 


function  of  the  PZT  content  until  the  latter  reaches  about  807t;  but 
for  higher  PZT  content  the  ds3  values  increase  anch  aore  sharply  to 
reach  a  aaxiaua  of  about  68  pC/N  for  the  speciaen  with  92  voluae 
percent  of  PZT. 

The  thickness  aode  electroaechanical  couplii^  constant,  kt,  and 
the  planar  coupling  constant,  kp,  of  the  coaposites  were  deterained 
froa  resonance  aeasureaents,  and  the  values  are  shown  in  Figiu-e  2(b). 

A  technique  siailar  to  that  developed  by  Sins  and  lenriquez”  nas 
been  used  to  aeasure  the  hydrostatic  voltage  coefficient,  gh,  of  our 


FIGURE  3.  The  hydrostatic  voltage  coefficient,  gh,  and  the  figure  of 
nerit,  ghdh,  of  our  coaposites  as  a  function  of  PZT  content. 
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composites ,  at  a  pressure  of  2  MPa,  and  the  variation  of  gb  as  a 
function  of  PZT  content  in  the  ccMiposites  is  shown  in  Figure  3(a). 
The  product  of  the  hydrostatic  voltage  coefficient  and  the  hydrostatic 
charge  coefficient,  ghdh,  is  coutoniy  used  as  a  figure  of  merit  for 
hydrophone  materials  and  has  been  determined  for  our  specimens.  As 
shown  in  Figure  3(b),  the  best  figure  of  merit  has  been  obtained  for 
the  sample  with  85  volume  percent  PZT,  for  which  ghdh  is  68  x  10'^* 
mVN.  gh  has  been  measured  as  a  function  of  hydrostatic  pressure  and, 
for  pressures  up  to  14  MPa,  gh  has  been  found  to  be  independent  of 
pressure  to  within  experimental  uncertainty. 

The  acoustic  velocity  and  attenuation  of  the  composites  were  measured 
using  standard  transmission  techniques.  The  discs  were  precision 
lapped  to  provide  good  contact  with  the  transducers  and  a  standard 
metal  plate  was  used  to  calibrate  the  system.  The  results  are  shown 
in  Table  1  which  provides  a  summary  of  the  properties  of  the  PZT-^lass 
composites;  for  purposes  of  comparison,  the  table  also  gives  published 
data  on  a  few  other  types  of  composites  and  polar  glass  ceramics. 


TABLE  I  Characteristics  of  the  PZT-glass  composites. 
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mQimm 

Piezoelectric  0-3  ceraaic-glass  cozposites  have  been  fabricated  by  the 
conventional  firing  of  a  nixtore  of  powders  of  PZT  and  a  lead  based 
glass.  The  best  dss  values  obtained  were  conparable  to  those  of  soae 
0-3  ceraaic-polyaer  coaposites  and  were  an  iaproveaent  over  the  djs  of 
siailar  coqwsites  aade  with  Lead  Titanate  and  those  of  polar  glass 
ceraaics.  The  hydrostatic  properties  of  the  coaposites  were  pressure 
independent  and  they  showed  good  aechanical  stability.  This  type  of 
ceraaic-glass  coaposite  is  easier  to  fabricate  than  polar  glass 
ceraaics,  their  dielectric  dispersion  is  less  than  that  of  polyaer 
based  coaposites.  They  can  also  be  used  over  a  auch  wider  teaperature 
range  than  polyaer  based  coaposites  since  the  elastic  properties  of 
glasses  are  auch  less  teaperature  dependent  than  those  of  polyaers. 
In  addition  to  their  possible  use  in  transducers,  the  relatively  large 
acoustic  attenuation  of  these  aaterials  suggests  their  possible  use  as 
acoustic  backing  aaterial. 
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Abstract  Five  different  composite  films  of 
Polypropylene-Ceramic  (both  ferro-  and  antiferroelectrlc) 
materials  were  prepared  by  Introducing  fine  grain  ceramic  powder 
in  the  matrix  of  polypropylene.  The  dielectric  and  charge 
storage  properties  of  these  composites  were  studied.  The 
results  show  that  an  introduction  of  fine  powder  of 
appropriately  modified  ferroelectric  ceramics  in  a 
polymer-ceramic  composite  enhances  its  charge  storage 
properties. 


INTRODUCTION 


The  use  of  polymer-ceramic  composites  which  combine  the  superior 
mechanical  and  electrical  strength  of  the  insulating  polymer  with  the 
advanced  dielectric  properties  of  suitable  ceraunics  is  considered  to 
be  a  possible  approach  to  the  high  energy  storage  capacitors.  The 
manufacturing  flexibility  of  the  composite  makes  it  possible  to 
produce  thin  film  capacitors  with  high  capability  of  energy  storage 
while  this  is  difficult  to  achieve  with  the  multilayer  ceramic 
capacitors  due  to  the  complicated  fabrication  process  and  their 
inevitable  structural  defects. 

In  the  present  work,  several  ferro  and  anti-ferroelectric 
ceramic  materials  were  Introduced  into  matrix  of  polypropylene.  An 
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Investigation  of  the  influence  of  the  ceraeics  on  the  dielectric  and 
the  charge  storage  properties  of  the  composites  were  made. 

EXPERIMENTS 

Three  ferroelectric  and  two  antiferroelectric  ceramic  materials  were 
prepared  (Table  1).  BT  and  BST  were  produced  by  liquid  phase 
coprecipitation  technique,  while  the  other  three  by  the  traditional 
ceramic  preparation  process.  The  ceramics  were  quenched  from  the 
firing  temperature  and  then  milled  with  absolute  alcohol  for  72 
hours.  The  ceramic  powder  of  fine  particle  size  was  obtained  by  a 
floating  segregation  method.  The  particle  size  of  BT  and  BST  were 
0. 05-0.  5fim,  and  that  of  the  others  was  around  1pm. 


TABLE  1 

The  Ceramic  Materials  for  Composites 

Code 

Si>ecif  ications 

BT 

BaTtOa  doped  by  Nb  0  ,  Sb  0 

2  5  2  3 

BST 

(B«,Sr)TiO^  system 

PMN 

Modified  Pb(Mfl,Nb)0^  system 

PZSTN 

Pb(Zr,Sn,Tj)0  doped  by  Nb^O^ 

PZSTL 

Pb(Zp, Sn,  Ti  )0^  doped  by 

The  composites  were  prepared  on  a  hot  roller  machine  by  mixing 

the  ceramic  powder  with  prolypropylene  (PP)  polymer  pellets  at  400K 

and  then  pressing  into  films  of  approximately  50  pm  thickness  in  a 

temperature  controlled  hydraulic  press  as  described  in  the  previous 
1  2 

work.  ’  The  fraction  of  ceramics  in  the  composites  was  30  percent 
by  volume.  After  depositing  an  aluminum  electrode  on  each  surface  of 
the  films,  the  samples  were  cured  at  343K  for  12  hours  to  release  the 
strain  and  electric  charges  accumulated  in  the  process  of  their 
fabrication. 

The  dielectric  data  were  obtained  in  an  evacuated  measurement 
chamber  using  a  General  Radio  Bridge  (Type  1621  with  a  1238  detector 
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and  a  1316  oscillator)  or  using  a  Solartron  Frequency  Response 
Analyser  (Model  1250) 


BESULTS  ^  DISQJSSiQN 

In  order  to  observe  the  effects  of  ceraaics  on  the  coaposites,  both 
high  and  low  permittivity  ceramic  materials  were  selected  for  the 
present  work.  Figure  1  shows  the  temperature  dependence  of 
permittivities  of  the  ceramics.  BT  is  modified  by  Niobium  Pentoxide 
and  Antimony  Oxide.  PZSTN  and  PZSTL  have  the  same  antiferroelectric 
composition  Pb(Zr,Sn. Ti)03  but  doped  by  Nb  and  La  ions 
respectively.  In  the  test  temperature  range,  they  behave  like  linear 
materials  only  showing  a  slight  Increase  of  permittivity  with  the 
increase  of  temperature.  PMN  shows  a  higher  permittivity  and  a 
larger  variation  with  temperature,  while  BST  gives  a  moderate 
permittivity  and  limited  variation  with  the  temperature. 


Flg.l  Temperature  dependence  of  permittivities 
of  ceramics  f«l,000(Hx),  V-l(V) 


Figures  2  and  3  show  the  nature  of  permittivities  and 
dissipation  factors  respectively  of  the  compxjsltes  as  a  function  of 
the  temperature.  It  is  noticeable  that  the  composite  PP-PMN  shows 
highest  loss  factor  (figure  3)  but  not  the  highest  permittivity 
(figure  2)  as  expected  although  PMN  possesses  highest  permittivity 
within  the  materials  selected. 
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Figure  4  shows  the  AC  measuring  field  dependence  of  dielectric 
properties  of  the  three  composites.  The  dielectric  properties  of  the 
composite  PP-PZSTN  is  observed  to  be  constauvt  with  the  AC  field.  In 
contrast,  the  composite  PP-PMN  shows  a  significant  increase  of  the 
dissipation  factor  with  the  increase  of  the  AC  field.  It  should  be 
noted  that  WIN  has  stronger  ferroelectric  characteristics  compared 

3 

with  other  selected  ceramics  ,  whereas  P2STN  behaves  practically  like 
a  paraelectrlc  dielectric  within  the  measuring  range. 
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The  dielectric  strengths  of  the  coaposltes  are  given  in  Table  2. 


TABLE  2  The  Dielectric  Strengths  of  Composites 

Composite 

Dielectric  Strength(KV/cn) 

PP-BT 

800 

PP-BST 

750 

PP-PMN 

700 

PP-PZSTN 

650 

PP-PZSTL 

400 

The  composites  containing  BT  and  BST  which  were  produced  by 
coprecipitation  method  and  possessing  ultra-fine  particle  size, 
appear  to  have  the  higher  dielectric  strength  than  the  other 
composites. 


The  density  of  energy  stored  in  a  linear  material  J  is  given  by, 

J  =  l/2e  e  . ( 1 ) 

O  r 
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where  c  Is  the  permittivity  of  the  vacuum,  c  the  relative 

0  r 

permittivity  and  E  Is  the  electric  field,  whereas  In  a  non-linear 
material  It  Is  expressed  by, 

J  =  f  e  c  E  dE  . (2) 

J  Or 

Figure  5  shows  the  calculated  energy  storage  densities  of  the 
composites  as  a  function  of  the  electric  field,  using  equation  2. 

The  efficiency  of  energy  storage  In  the  composites  appears  to  be 
higher  than  that  of  Polypropylene. 


Fig. 5  The  properties  of  energy  storage  vs. 

electric  field  Volme  fraction  of  ceramics: 

30X,  T-20*C 

The  present  results  Indicate  that  the  ferroelectric  ceramics  are 
more  effective  than  the  antiferroelectric  ceramics  to  enhance  the 
energy  storage  capabilities  of  the  PP-cerzunic  composites.  However, 
appropriately  modified  ferroelectric  ceramics  should  have  fine 
particle  size  to  serve  this  purpose. 
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ABSTRACT 

Glass  matrix  composites  of  different  connectivities  have  been  prepared  from  Ca- 
modified  lead  titanate  ceramics  and  boron-lead  glasses.  Microstructural 
characterization  reveals  that  the  processing  methods  minimize  the  chemical 
interaction  between  the  phases.  Diiferent  microstructures  are  obtained  by  using 
diverse  processing  methods,  giving  rise  to  related  electromechanical  properties 
through  the  influence  of  the  microstructure  on  the  polarizability  of  the  materials. 

I.  INTRODUCTION 

The  enhancement  of  the  strength  characteristics  with  respect  to  the  ceramics 
has  been  one  of  the  reasons  used  to  justify  glass  matrix  piezoelectric  composites 
[1 ,2].  Also,  the  authors  found  recently  that  irxxrganic  glass  matrix  composites  are 
potendaily  attractive  as  ultrasonic  transducers  at  higher  temperatures  than  their 
polymer  counterparts,  since  both  types  of  composites  have  similar  advantages 
over  ceramics  [3]. 

The  preparation  of  composites  from  boron-lead  glass  and  Ca-modified  le»j 
titanate  ceramic  was  anah^ed  in  a  previous  paper  paying  attention  to  the 
influence  of  the  crystalline  anisotropy  of  the  ceramic  on  the  thermomechanical 
matching  of  the  composite  phases  [3].  Here  a  microstructural  analysis  is  carried 
out  on  these  composites  to  explain  the  differences  obsenfed  in  their  piezoelectric 
behaviour  for  the  different  processing  methods,  which  give  place  to  diverse 
composite  connectivities,  i.e.,  number  of  dimensions  in  which  each  composite 
phase  is  self-connected  [4,5]. 

II.  EXPERIMENTAL  PROCEDURES 

The  piezoelectrically  active  phase  of  the  composite  is  a  Ca-modified  lead 
titanate  ceramic  with  a  ratio  Ca/Pb =35/65  (PTC35)  prepared  by  a  reactive 
process  [6]  and  the  matrix  is  a  boron-lead  glass(  B203-Pb0-Na 
48/50/2  weight  %). 

Composites  of  1-3  connectivity,  according  to  foe  extensively  used 
Newnham’s  nomenclature  [4,5],  where  foe  first  digit  refers  to  foe  piezoceramic, 
were  prepared.  Deep  groves  were  cut  into  foe  ceramic  in  two  perpendicular 
directions  to  obtain  a  regular  structure  of  square  pillars.  This  ceramic  structure 
was  dipped  into  the  melted  glass  (750*’C),  that  fills  foe  groves,  and  quenched  to 
room  temperature  to  avoid  the  reactions  between  the  pha^.  Details  of  the 
method  are  given  elsewhere  [3].  Ceramics  with  different  densification  were  used 
in  this  process. 

Composites  were  prepared  from  ceramic  partides  [7]  by  mixing  with  finely 
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powdered  glass,  uniaxial  press  moulding  and  further  therms  treatments:  a)  hot 
pressing  and  b)  heating  to  melt  the  glass.  0-3  and  mixed  0-3/1 -3  conr>ectivities 
were  prepared  by  changing  the  ratio  G/t  between  the  snwbqb  partide  size 
(G=1-2  mm)  and  the  composite  thickness,  t  [8].  When  G/t<1  particles  are  not 
self-connected  between  the  composite  surf^es  (0-3  connectivity),  whereas  when 
G/t>l  only  a  fraction  of  the  particles  is  self-cormected  between  the  eiectroded 
surfeces  of  the  composite  due  to  the  random  distribution  of  the  partides  in  the 
glass  matrix  (0-3/1 -3  mixed  connecth%). 

Considered  as  3-3  connnectivity  composites,  glass  bonded  ceramics  of 
PTC26  were  also  obtained  by  adding  a  4%  by  weight  of  finely  powdered  glass 
to  the  precursor  ceramic  powder,  moulding  and  sintering. 

SEM  and  compositional  analysis  by  EOX  were  carried  out  on  the  composites 
obtained.  Cutting,  lapping  and  pdishing  of  the  materials  allowed  the  preparation 
of  composite  disks  of,  typically,  10mm  diameter  arKl  0.5mm  thickness,  onto 
which  Ag  vacuum  evaporated  electrodes  were  deposited.  The  composites  were 
poled  at  30-40  KV/cm  -120°C  ,  cooling  down  to  room  temperature  with  the 
electric  field  applied  to  the  sample.  Permittivity  at  1  KHz,  was  determined. 
Thickness  electromechanical  coupling  factor,  K,,  frequency  number,  N,, 
mechanical  quality  factor,  and  acoustic  impedance,  were  measured  at 
room  temperature  by  the  resonance  method  [9]. 

III.  EXPERIMENTAL  RESULTS 

Composites  of  1  -3  connectivity,  prepared  from  PTC35  ceramics  characterized 
by  their  density  and  diameter  contraction  during  sintering,  which  will  be  refered 
to  as  dense  and  less  dense  ceramic,  were  analyzed.  Microstructures  of  these 
two  types  of  ceramics  are  shown  in  Rgures  1  (density  =  p  =  6.18  g.cm"®  - 
contraction  =  15.2%)  and  2(  p  =  6.10  g.cm"®  -  contraction  =  11.5%). 


Figure  1 


Figure  2 


Microstaictural  dependence  of  piezoelectnc  properties...  [39i]/79 


TTte  formation  of  intermediate  zones  has  been  observed  only  when  forming 
composites  from  less  dense  ceramics.  These  zones  are  due  to  diffusion  of  glass 
in  the  ceramic  through  the  open  porosity  (Figure  3).  A  common  fact  in 
composites  prepared  from  the  two  types  of  ceramics  is  the  appearance  of  a  thin 
(<  <  1  ixm)  interf^iase  between  the  ceramic  and  the  glass  (Figure  4).  EOX  analysis 
of  the  ceramic  and  the  glass  in  the  intermediate  zone  as  well  as  the  interphi^ 
is  shown  in  Table  I.  The  dielectric  arKi  piezoelectric  parameters  of  the  composites 
in  comparison  with  those  of  the  ceramics  are  shown  in  Table  II,  where  n^^  is  the 
volumetric  fraction  of  ceramic  in  the  composite  and  the  rest  of  the  symbols  have 
the  ususai  meaning,  which  has  been  explained  in  the  text. 


Rgure  3  Figure  4 

0-3  and  mixed  connectivity  composites  present  different  microstructures 
when  prepared  by  hot-pressing  (ISMEa-^^C)  of  the  moulded  mixture  (Figure 
5)  or  by  heating  at  600‘’C.  Less  dense  structures  and  crystallization  of  the  matrix 
is  observed  (Figure  6)  when  the  secorKi  ntethod  is  used.  The  results  of  the 
characterization  of  these  composites  are  shown  in  Table  II. 

The  3-3  composites  present  the  peculiar  structure  shown  in  Figure  7,  which 
is  constituted  by  cubic  shape  grains  surrounded  by  a  continuous  glass  phase. 
Dielectric  and  piezoelectric  parameters  of  this  material  are  shown  in  Table  II. 


IV.  DISCUSSION  AND  CONCLUSIONS 

The  results  of  the  EDX  analysis  carried  out  on  the  1-3  connectivity 
composites  (Table  I)  show  that  the  glass  diffusion  into  the  porosity  of  the  less 
dense  ceramic  occurs  during  the  composite  preparation  without  a  chemical 
reaction  between  the  two  phases,  and,  therefore,  leaves  unchanged  the 
composition  of  the  ceramic  in  the  intermediate  zone  with  respect  to  that  found 
inside  the  piezoelement  of  the  compete. 
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Figure  5 


Figure  6 
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TABLE  II 
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P 
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g/cm® 

PRESENCE  OF 

MTERMEOIATE 

ZONE 

<%) 

P 

comp 

g/cm* 

1 

Kt 

(%) 

Ht 

KHz. mm 

n 

DENSE 

CERAMIC 

PTC35 

15.79 

6.27 

— 

— 

— 

468 

54.3 

2079 

36 

13.02 

Ba 

COHPOSITES 

15.70 

16.00 

17.68 

15.79 

6.02 

6.19 

6.27 

6.18 

NO 

NO 

NO 

NO 

24.69 

25.77 

28.47 

35.00 

1 

1 

1 

LESS  DENSE 

CERAMIC 

PTC35 

12.53 

6.29 

— 

— 

— 

432 

55.3 
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17 

11.99 

WSM 
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11.23 

11.23 
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12.4 

6.26 

6.23 

6.36 

6.39 

6.29 
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YES 

YES 

YES 

YES 

1 

1 
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5.27 
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175 

28.8 

30.3 

24.8 

34.0 

36.5 

2402 

2359 

1970 

1920 

1858 

1 

11.68 

11.65 

10.07 

10.06 

9.79 

1 

•YPE  01 

i*  COMPOSITE 

P( 

g.cm’*) 

n 

Kt(%) 

Fto 

3-3  connectivity 

PTC26  +  4%  glass 

130 

-  • 

•  • 

PTC26  ceramic 

6.7 

197 

46.5 

2158 

0-3  connectivity 

PTC35  hot-pressed 

wm 

40 

■B 

1971 

0-3/1-3  mixed  (G/t-2.3-3.7) 
FTC35  hot -pressed 

HI 

wm 

15.8 

1908 

0-3/1-3  mixed  (G/t-1.2-1.8) 
PTC35  simply  heated 

3.9 

51 

14.7 

1940 
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These  results  (Table  I)  show  also  that  composites  prepared  from  both  typ^ 
of  PTC3S  ceramics  have  present  only  a  very  thin  interphase,  whose  composition 
presents  a  deficiency  of  Pb  arxf  Ca  with  respect  to  T1.  The  preparation  process, 
therefore,  minimizes  the  chemical  interaction  between  the  ceramic  evid  the  glass 
(DToviding,  in  the  case  of  the  less  dense  ceramics,  a  stronger  adhesion  between 
phases  through  the  formation  of  a  krtermecHate  zone. 

As  shown  in  Table  II  all  the  corr^xdsites  present  lower  density,  and, 
consequently,  lower  acoustical  impedance,  Z.,  and  permittivity,  than  the 
corresponding  ceramics. 

It  is  interestii^g  that  1-3  composites  prepared  from  the  less  dense  PTC35 
ceramics  present  higher  K(  values.  Polarizability  of  this  ceramic  is  higher  [10], 
because  their  remanent  porosity  reduces  irrtergranular  stresses  arising  on  pc^ng, 
allowing  easier  90”  domain  orientations.  The  intergranular  dampir^  effect  that 
appears  in  dense  ceramics  of  high  crystalline  anisotropy  is  enhanced  in  the 
composite,  because  the  piezoeiements  of  ceramic  are  surrounded  by  a  stiffer 
glass  matrix  (Young's  Modulus  =E  (ceramic)  =  100-150  GPa  ;E  (glass)  ~  50 
GPa). 

The  decrease  of  the  properties  when  the  connectivity  changes  from  mixed 
0-3/1-3  to  0-3  by  changing  the  ratio  G/t  [8]  is  clearly  shown  for  the  particle 
composites  prepared  by  hot-pressing  from  results  in  Table  II. 

Similar  K,  values  were  found  (Table  II)  for  the  mixed  0-3/1 -3  composites 
prepared  by  hot  pressing  and  simple  heating.  Since  the  ratio  G/t  is  higher  in  hot- 
pressed  composites,  higher  K,  values  could  be  expected.  This  leads  to  the 
conclusion  that  composites  obtained  by  heating  are  more  polarizable.  A  similar 
reasoning  than  the  one  used  in  1  -3  composites  could  explain  that  the  less  dense 
structure,  and,  consequently,  less  clamped,  that  is  found  in  mixed  connectivity 
composites  prepared  by  simple  heating,  results  more  polarizable. 
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Abstract  This  paper  describes  a  new  piezoelectric  licro-notor  based 
on  a  piezo  -  resonator  and  explains  the  lechanisi  of  lotion  and  the 
■otor’s  basic  characteristics. 


INTRO  DliCTjON 

Piezoelectric  eleaents  are  expected  to  becoae  increasingly  popular 
and  to  be  used  as  actuators  in  fields  such  as  Medicine,  precision  instru- 
■ents  and  aechatronics.  There  are  tany  Kinds  of  actuator  eleaenis*, ^using 
theraal  strain,  aagnetic  strain  and  eiectropneuaatic  power  etc.  However, 
they  have  soae  probleas  with  size,  precision  and  aotion  response. 

Recently,  aany  sludies^have  been  carried  out  on  ultrasonic  aotors.  These 
are  better  than  electro  -  aagnetic  aotors  for  soae  applications  in  aecha¬ 
tronics.  An  ultrasonic  aotor  is  driven  by  the  friction  between  the  rotor 
and  stator.  Conventional  ultrasonic  aotors  use  an  ultrasonic  wave  of 
20-50  kHz  .  Piezoelectric  eleaents  have  aany  possible  applications  for 
saall  actuators  and  aicro  -  actuator  .  Hany  studies’on  piezoelectric  ele¬ 
aents  have  carried  out  for  actuators  ,  but  there  have  been  no  studies  on 
piezoelectric  aotors. 

We  have  developed  a  new  type  of  piezoelectric  aicro-aotor.  It  can  be 
rotated  clockwise  or  counter-clockwise  by  the  piezoelectric  eleaent.  This 
is  one  of  its  aain  features.  The  principle  of  the  aotion  is  different 
froa  the  usual  ultrasonic  aotor.  The  driving  frequency  of  the  piezo  - 
electric  aotor  ranges  froa  130  Hz  to  1500  Hz,  and  it  can  rotate  saoothly 
at  low  speeds. 

This  paper  describes  the  new  piezoelectric  aotor  and  explains  its 
aechanisa  of  the  aotion,  and  gives  experiaental  results  for  its  dynaaic 
response  characteristics  and  efficiency. 
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Pr i n c iple  of  Motion 

fiAlire  1  shows  the  basic  structure  of  the  piezoelectric  aotor.  It 
consists  of  a  piezoelectric  reed,  a  treabler  and  a  rotor.  The  piezo  - 
electric  reed  is  lade  of  a  biiorph  piezoelectric  eleient.  It  is  claiped 
at  one  end  and  free  at  the  other.  The  treabler  is  fixed  to  the  free  end 
of  the  reed,  and  touches  the  rotor.  Voltage  froi  the  power  supply  causes 
the  reed  to  vibrate.  Vibration  of  the  reed  and  treabler  cause  the  rotor 
to  rotate. 

Vave  Generator 


Biiorph  Piezoelectric  Eleient  Rotor  <=je=o 

Rotation 

FIGURE  1  Basic  structure  of  lotor 


Figure  2  shows  the  principle  of  lotion.  For  exaiple  ,  if  the  rotor 
rotates  clockwise  at  the  first  resonance  lode  of  the  reed  ,  then  it  will 
rotate  counter-  clockwise  at  the  second  node  of  vibration.  The  rotor  can 
be  rotated  clockwise  or  counter  -  clockwise  by  selecting  the  vibration 
resonance  lode. 


Biiorph  Piezoelectric  Eleient 


FIGURE  2  Resonance  lodes  of  piezoelectric  reed 
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Cha rac ler i s t ics  of  Piezoelectric  Eleient 

The  piezoelectric  eleaent  is  a  biaorph  PZT  28  h  long  x  IQ  n  Mlde  x 
0.5  ■■  thick.  Figure  3  shows  its  piezoelectric  properties.  A  driving 
voltage  of  200  v  produces  970  tm  of  displaceient  and  55  g  of  power. 
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FICtiRE  3  Piezoelectric  properties  of  eleaent 


Figure  4  scheaatically  shows  a  prototype  of  the  piezoelectric  aotor. 
The  piezoelectric  reed  is  supported  by  two  sheets  of  acrylic  resin  plate, 
and  they  are  fixed  by  screws  to  the  holder  .  The  holder  can  aove  along 
the  X.  y  and  z  axes. 


The  trabler  is  bonded  onto  the  free  end  of  the  piezoelectric  reed.  It  is 
a  steel  needle  with  a  diaaeter  of  I  aa.  The  rotor  is  designed  to  be  saall 
and  light  and  require  little  driving  force.  The  rotor  is  supported  with 
steel  ball  bearings  to  reduce  friction  as  auch  as  possible  .  The  rotor 
face  is  aade  of  plastic,  and  is  18  aa  in  diaaeter. 
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Figure  5  shows  the  driving,  control  and  teasuring  equipment.  Three 
types  of  driving  voltage  waves  were  used  in  this  experiment  ,  sine  .  tri¬ 
angle  and  square  waves.  The  wave  generator  has  ranges  of  0-15  V,  0-200  lA 
and  0  -  20,000  Hz.  The  driving  voltage  of  the  piezoelectric  reed  is  am¬ 
plified  by  a  booster  amplifier. 


FIGLRE  5  Block  diagram  of  driving  test 


EXPERIMENTAL  RESULTS 


Rotational  Speed 

The  rotational  speed  of  the  piezoelectric  motor  was  measured  with  a 
noncontact  tachometer.  Figure  6  shows  one  example  of  the  rotational  speed 
when  driven  at  40  V  and  in  the  frequency  range  0-300  Hz.  The  rotor  rota¬ 
ted  counter-clockwise  at  133  Hz  and  clockwise  at  1333  Hz,  corresponding 
to  the  first  and  second  resonance  modes  of  the  PZT  reed  ,  respectively. 
The  maximum  rotational  speed  was  1700  rpm  clockwise  and  500  rpm  counter¬ 
clockwise  ,  and  the  shape  of  the  driving  wave  ,  i.e. ,  sine  ,  triangle  or 
square  wave,  had  little  effect  on  the  rotational  speed. 


frequency  (Hz) 


FIGURE  6  Speed  of  motor 
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Torque.  0 utput  Power  and  Efficiency 

The  output  power  was  leasured  froi  the  torque  applied  by  the  piezo¬ 
electric  aotor  to  a  weight  hanging  froa  a  string  attached  to  the  lotor 
shaft.  As  shown  in  Figure  7  ,  there  are  differences  in  torque  ,  output 
power  and  efficiency  between  counter  -  clockwise  (133  Hz)  rotation  and 
clockwise  (1333  Hz)  rotation  .  This  difference  is  drives  frot  the  nuiber 
of  the  contacts  per  second  between  the  treabler  and  the  rotor  of  the  to- 
tor.  The  naxiiui  efficiency  was  about  18  X  for  clockwise  rotation. 


0  100  200  300  400  500 


Rotation  Speed  (rpi) 

FIGURE  7  Perforaances  of  aotor 

Motion  of  The  Treabler  and  The  Rotor 

The  lotion  of  the  treibler  and  rotor  was  studied  with  an  ultra-  high 
speed  video  caiera  (Figure  8).  The  treabler  touches  the  rotor  and  pushes 
its  surface  in  the  rotational  direction.  This  aotion  can  rotate  the  pi¬ 
ezoelectric  aotor  steadily  and  its  rotational  speed  saoothly. 

Voltage:40V  Square  Wave  Fraae  Rate:l/20668ec 


No.l  No.2  No.3  No.l  No.2  No.3 


Counter-Clockwise  (133Hz)  Rotation  Clockwise  (1300Hz)  Rotation 


FIGURE  8  Motion  of  oscillating  treabler 
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Figure  9  shows  a  tagnified  view  of  the  lotion  of  the  trembler  tip  .  The 
tip  ioves  counter  -  clockwise  at  133  H?  and  clockwise  at  1333  Hz.  corres¬ 
ponding  to  the  rotational  directions  of  the  piezoelectric  ■otor. 

l=26u  Voltage:40V  Square  Wave  Fraee  Kate:l/2066sec 

of  Treebler 

y 

_ mm  * 

Counter-Clockwise. (133Hz)  Clockwise. (1300Hz) 

FIGLRE  9  Tip  action  of  treebler 


CONCLUSIONS 

A  piezoelectric  eicro-aotor  has  been  developed.  The  rotor  is  driven 
by  a  biaorph  PZT  reed  with  a  treebler  .  which  pushes  the  surface  of  the 
rotor  toward  the  direction  of  rotation  .  The  aotor  can  be  aade  to  rotate 
clockwise  or  counter-clockwise  ;  the  first  resonance  aode  of  the  PZT  reed 
gives  clockwise  rotation  and  the  second  resonance  node  counter-clockwise. 
Rotation  is  saooth  and  steady.  This  aicro-aotor,  which  is  saall,  is  sui¬ 
table  for  aovable  devices  ,  such  as  a  aicro-aobile  robot  ,  a  aicro-robot 
hand  or  a  aanipulator  ,  which  cannot  use  conventional  electro  -  aagnetic 
aotors.  It  shoud  also  be  useful  in  aicroaachines  where  space  is  liaited. 
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THE  ACTIVE  CONTROL  OF  SOUND  REFLECnON/TRANSMISSION 
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Abstract  An  active  noise  control  device  has  been  fabricated  using  a  0-3  piezo¬ 
composite  sensor  and  actuator.  This  device  has  been  used  with  a  fast  fe^back 
electronic  system.  The  reflection  and  transmission  coefficients  have  been 
measured  in  a  pulse  tube.  The  energy  was  reduced  by  up  to  O.S  in  active  noise 
reduction  mode  and  increased  by  up  to  0.17  in  active  noise  enhancement  mode 
from  l.S  to  8.5kHz.  With  an  air  backed  noise  control  device,  the  echo 
reduction  was  increased  by  up  to  12dB  fimn  1  to  8kHz. 


DuenoN 


The  principles  of  active  noise  control  (ANC)  have  been  known  for  many  years  (ref 
Olson),  but  their  practical  application  in-air  was  largely  limited  by  the  available 
transducers  and  drive  electronics.  Major  advances  have  been  made  in  signal 
processing  electronics  which  combined  wiA  new  transducer  technologies  has  led  to  the 
current  emergence  of  a  number  of  useable  systems  such  as  ear  defenders  using  the 
principles  of  ANC.  In  water  acoustics,  the  application  of  the  principles  of  ANR  has 
had  similar  problems.  Relatively  fast  signal  processing  chips  are  now  available,  but 
large  area  transducers  suitable  for  conformally  coating  a  si^ace  have  been  beking. 
Advances  in  piezoelectric  materials  have  open^  up  the  possibility  of  active  control  of 
sound  on  relatively  large  area  interfaces. 


TRANSDUCER  MATERIALS 

For  the  sensor,  a  material  is  requited  which  will  respond  to  the  sound  pressure  wave. 
Thus,  a  material  with  a  high  hydrostatic  voltage  coefficient  (gh)  is  a  fundamental 
requirement.  Further,  a  material  which  will  give  an  output  only  to  a  hydrostatic 
pressure  and  not  to  other  vibrational  modes  is  important.  0-3  piezoelectric  composite 
materials  are  a  good  choice  as  their  hydrostatic  voltage  coefficient  is  high  and  so  well 
suited  to  use  with  a  head  amplifier  and  their  output  due  to  flexure  is  low. 

SYSTEM  OVERVIEW 

It  is  envisaged  that  the  outside  of  underwater  structures  could  be  covered  with  the 
noise  control  system  to  control  the  degree  of  reflection  or  transmission  of  sound.  This 
would  require  the  structures  to  be  conformally  coated  with  the  transducers.  The 
underwater  sound  would  be  detected  by  the  sensors  which  would  cause  the  actuator  to 
be  driven.  The  system  acts  to  modify  the  acoustic  impedance  mismatch  at  the 
water/material  interface  and  can  work  to  either  reduce  or  enhance  reflected  or 
transmitted  sound  at  the  interface. 
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The  sensor  was  manufactured  from  2  pieces  of  0-3  piezocomposite  material.  A  bilayer 
sensor  was  fcatned  with  the  poling  dictions  opposed.  The  output  has  been  measured 
in  water  to  be  broadband  wi^  an  output  level  of  -201  .SdB  re  IV  |iPa'*  at  400Hz. 


rxt  d 


The  actuator  was  manufactured  with  the  same  material  and  in  the  same  way  as 
described  for  the  sensor.  The  output  in  water  has  been  found  to  increase  with 
frequency  with  an  output  level  of  lOOdB  re  l^iPaV*^  at  2.5kH2. 
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A  noise  control  system  has  been  constructed  by  connecting  the  sensor  to  analogue 
electronics  which  provides  a  phase  invertion,  gain  and  stabilising  electronics.  The 
phase  of  the  system  may  be  switched  to  allow  either  in  phase  or  out  of  phase 
operation. 


CW  fo  ICMJCI I  tW  VS  I  as  I  hi 


The  noise  control  system  has  been  measured  in  a  7.6m  long  pulse  tube  with  a  diameter 
of  70mm.  The  sample  was  positioned  half  way  up  the  pulse  tube.  A  sound  pulse  was 
generated  at  the  bottom  of  the  tube  and  this  wave  travelled  towards  the  sample.  The 
reflected  pulse  was  compared  with  the  incident  pulse  to  obtain  the  reflection 
coefficient  Similarly,  the  transmined  pulse  was  compared  with  the  incident  pulse  to 
obtain  the  transmission  coefficient.  The  reflection  coefficient  was  measured  with  the 
system  off  and  operating  in  both  phases.  With  the  system  operating  in  either  phase, 
the  reflection  coefficient  was  increased  by  up  to  0.06  from  l.S  to  4.SkHz.  Above 
4.SkHz,  the  coefficient  was  reduced  in  ANR  mode  by  up  to  0.22  and  increased  in 
ANE  mode  by  up  to  0.05. 

The  changes  in  the  transmission  coefficient  were  lar^  than  those  for  the  reflection 
coefficient.  From  1.5  to  91df2,  the  transmission  coefficient  was  reduced  by  up  to  0.42 
in  ANR  mode  and  increased  in  ANE  mode  by  up  to  0.22. 

The  energy,  represented  by  the  square  of  the  transmission  and  reflection 
coefficients,  can  be  seen  to  be  i^uced  by  the  noise  control  device  in  active  noise 
reduction  (ANR)  mode  between  ~1.5  and  8.5kHz  and  increased  in  active  noise 
enhancement  (ANE)  mode  over  the  same  bandwidth  as  compared  to  the  off  state. 
Hiese  results  are  presented  in  Figure  1. 

The  noise  control  device  was  backed  with  a  closed  cell  foam  so  that  virtually  all  the 
sound  would  be  reflected  from  die  noise  control  device.  Figure  2  presents  the  changes 
in  echo  reduction  achieved  with  the  system  off  and  in  both  ANE  and  ANR  modes.  An 
active  noise  reduction  between  4  and  12dB  was  observed  frenn  1.5  to  8kHz  and  an 
enhancement  of  up  to  4dB  between  2  and  9.75kHz. 

The  time  responses  showing  the  incident  and  reflected  signals  with  the  system  off 
and  in  ANR  mode  are  presented  in  Figure  3.  The  reflected  pulse  can  be  observed  to  be 
reduced  by  nx»e  than  6dB  with  the  system  operating. 


A  noise  control  device  has  been  manufactured  using  0-3  piezocompt^ite  material  as 
bodi  the  sensor  and  the  artuaior.  Noise  control  has  b^n  denoonstrat^  in  both  the  tank 
and  the  pulse  tube.  The  echo  reduction  has  been  increased  by  up  to  12dB  from  1.5  to 
8kHz  in  Af^  mode  in  the  pulse  tube. 
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Fig  1  Enwgy  varsut  fra<(u«ncy  with  th*  tyalMn  off 
and  opantbig  In  both  phaaaa 


Fig  2  Echo  taductlon  vaiaua  fraquaney  with  ayatam  otf 
and  oparating  In  both  phaaaa 


Fig  3  Thna  tracaa  of  Inddant  and  raflaetad  wavaa  with 
ttw  nolaa  control  davica  off  and  oparating  In  ANR 
moda  with  tha  davloa  backad  with  Evazola 
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Abstract  <  Tha  thaoratical  anargy  convarsion  undar  uniaxial  strass 
is  studiad.  A  thaoratical  nodal  is  basad  on  an  alactrical 
aquivalant  circuit  of  tha  whola  systan.  Tha  axpariswntal  rasults 
ara  comparad  to  tha  simulatad  onas  which  show  anoaalously  high 
alactromachanical  valuas  (d^,  ,  ,  s*,  )  and  lossas  (tg8) 

during  tha  impact. 


I  -  IWRODDCtlOII 

Physical  phanonana  occuring  during  a  machanoalactrical  convarsion 
ara  cooplax  dua  to  tha  simultanaous  occuranca  of  high  strassas, 
high  alactric  fialds  and  rasonant  phanooarta  in  tha  casa  of  dynamic 
comprassion.  Tha  purposa  of  this  papar  is  to  prasant  tha  andaliitg 
of  a  piaxoalactric  spark  ganarator  using  classical  machanoalactri- 
cal  analogias.  Soma  fundamantal  aspacts  of  a  dynamic  caog>rassion 
(pulsad  strass  ganaratad  by  impact)  ara  analysad.  Bxparimantal 
rasults  ara  comparad  to  tha  modaling  and  discussad. 


XI  -  AWALOC  W0I»L8  AKD  riCORBS  OT  WRIT 


XZ-1  Bqalvalant  circuit  for  lanqth  axpandar  bar  with  parallal  ma- 
chanical  atraaa 


Tha  piaxoalactric  alamant  (araa  A«5.72.10**  m*,  langth  am)  in 
assumad  to  ba  axcitad  only  on  a  longitudinal  n»da  (L»Oiamatar) . 
Ona  face  of  tha  bar  is  in  contact  with  a  base  having  an  infinite 
stiffness  and  mss  and  tha  mechanical  force  is  applied  to  the 
other  face  (Fig. la). 


a. 


PIOOHE  1  >  The  piaxoalactric  bar  and  its  aquivalant  circuit. 
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Th«  aqulvalant  circuit  for  th«  bar  is  davslopad  using  tbs 
motionnal  equation  and  the  piezoelectric  equation  [1],  C2]  with 
the  hypothesis  of  a  constant  electric  field  in  the  bar  (Fig. lb) 

F^fFj  and  u^fU^  are  respectively  the  forces  and  particle  veloci¬ 
ties  on  each  face. 


Hechanical  force  (F)  Electric  current  (I) 


is  the 


Electric  voltage  (V)  velocity  (u) 

transformer  ratio.  All  these  terms  can  be  expressed  as  a  function 
of  the  usual  piezoelectric  and  mechanical  coefficients  [1]  t 
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Both  terms  of  the  mechanical  section  can  be  further  simplified 

X 

near  the  fundamental  resonance  corresponding  to  4  >  —  (vibration 

node  on  face  2).  They  are  equivalent  to  first  order  with  lumped 
circuit  values  given  by  : 


■33 


fiKi 

2 


Mass 

2 


*  It* 

The  equivalent  networ)c  of  the  piezoelectric  bar  wor)cing  an  a 
mechanoelectrical  converter  is  given  in  Figs. 2a  and  2b  after 
transforming  the  mechanical  elements  and  across  the 
electrical  side. 
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FIGURE  2  I  Equivalent  networks  a)  with  and  b)  without  the 
electromechanical  transformer . 

The  low  frequency  capacitance  is  with  ■  k* 

where  k  is  the  dynamic  coupling  factor. 

II-2  Figures  of  mmrit  in  short  and  open  circuit 

The  dynamic  compression  is  generally  achieved  by  the  ioipact  of  a 
mas:3.  So  the  resulting  frequency  of  the  stress  will  be  the  whole 
systwi.  resonance  frequency. 

Under  short  circuit  conditions  the  electric  charges  are  li¬ 
mited  only  by  the  mechanical  resistance  in  series  in  the  mo¬ 
tionnal  branch  a.  "1  under  open  circuit  conditions,  the  voltage  is 
controlled  by  botr  of  the  mechanical  resistance  R,^  and  the  elec¬ 
trical  resistance  R^  (Fig. 3). 


INVESTIGATIONS  INTO  PIEZOELECTRIC  SPARK  GENERATORS 
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b.  e. 


PIGOWt  3  :  Iqulvalant  circuits  for  t  s)  Gsnsrsl  csss  ;  b)  Short 
circuit  at  f^  ;  c)  Open  circuit  at 


At  the  resonance  frequency  f^  (^m^m  electric 

charges  in  short  circuit  are  given  by  i  «  0^(133 

The  classical  figure  of  nerit  <1,3  is  multiplied  by  the 
mechanical  quality  factor 

At  the  resonance  frequency  f^  the  output  voltage  Vo  is  given 

by  s 


Vo 
■  — 


|l  +  tg*  8 


Jc*  tg8  +  (1+tg*  8)Q;‘ 


®33 


where  tg8  *  (R„  /R_ 

o  o  p  P  ni  P  Ri 

The  classical  figure  of  merit  g33  is  multiplied  by  an 
expression  depending  on  the  loss  tangent  tgS  and  the  mechanical 
quality  factor  . 


Z1  -  3  KMCTRICAL  ■OOIVAUrr  CIRCOIT  lAmTOlD  TO  THE  WHOM  STSTI 

In  industrial  applications,  the  piecoelectric  ceramic  is  inserted 
into  mechanical  environments  in  order  to  hold  it  correctly  on  one 
hand  and  to  produce  the  impact  on  it  on  the  other  hand. 

The  mechanical  pulse  is  achieved  by  a  spring  loaded  hammer  or 
a  falling  steel  ball  striking  an  anvil  located  at  the  top  of  the 
ceramic,  the  bottom  being  clamped  (Fig. 4a).  Taking  into  account 
these  new  mechanical  parts  constituting  the  high  voltage  generator 
a  complete  equivalent  circuit  is  established  corresponding  to  the 
mechanical  equations  at  the  two  interfaces  (Fig. 4b)  [33. 

Anvil-falling  ball  interface  :  F  »  m^  x  ■  -k„  (x-y) 

•  • 

Anvil-ceramic  interface  t  Ej  ■  F„  -  k„  (X"y)  “•**“**«  (*”y) 

The  initial  conditions  are  given  by  th«f  initial  velocity  V^  -  x^ 
of  the  mass  m,^  which  transfers  its  kinetic  energy  to  the  system. 

x(o)  -  y(o)  -  0,  x(o)  -  Vj,  ,  X  (o)  -  O 


FIGORg  4  :  Iquivalant  circuit  of  tho  spark  gamrator 


Finally,  tha  aquivalant  alactrlcal  circuit  of  Fig. 4b  is  given 
in  Fig.S  in  which  tha  losses  are  introduced. 


FlGOMi  5  :  Electrical  equivalent  circuit  of  the  whole  generator 


XIX  -  tmpowrrxcM.  iowjmo 
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Osual  netmrks  resolution  swthods  yield  a  differential  equation  of 
n^^  order  in  the  general  case  (here  n  «  9)  describing  the  evolu¬ 
tion  of  the  S  signal  with  the  time  at  the  ends  of  the  pieso  bar 
n 


r 

i-l 


d*  S(t) 
dt^ 


»'  0 


(1) 


%fhere  a^  are  a  function  of  network  parts. 

Laplace  transfores  have  been  largely  used  in  order  to  solve 
the  differential  equation  (1).  h  computer  program  solving  an  n*^ 
order  s-polynomial  expression  has  been  perforated  using  the  mathe¬ 
matical  tools  supplied  by  the  MATLAB  environments.  The  final 
solution  S(t)  then  can  be  written  as  a  finite  sum  of  exponential 
tenas  ( 2 ) . 
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n 

S(t)  ■  ^  A^  axp  (tj  .t)  (2) 

i-1 

wh«r*  AT*  th«  1**'  rank  coafficianta  of  tha  axponantial 

A^  ara  a  function  of  natwork  parts  and  initial  conditions 

ara  tha  i*^  rank  roots. 


Ill  -  2  PAHriCOLAK  Tims  t^  AMD  t, 

Tha  dascription  of  pulsad  strass  phanosMna  can  ba  split  into  thraa 
distinct  tisM  intarvals. 

a-  froa  t>0  to  t«t^  ,  tha  hasanar  applias  a  forca  onto  both  anvil 
and  caraoiic.  Tha  alactrical  aquivalant  schasM  is  givan  Pigura  5. 

Tha  forca  appliad  by  tha  hanswr  to  tha  anvil  raachas  a  maxi- 
muiD  valua  than  dacraasas  until  O  at  t«t^.  Tha  solution  (t)  is 
givan  by  ( 2 ) . 

b-  Proa  t>t^  to  t^t^  ,  no  forca  is  now  appliad  to  tha  anvil  but 
tha  piazobar  kaaps  on  baing  strasaad  by  tha  anvil  within  a  dacraa- 
sing  forca.  (Pig. 6b).  At  t^t^  this  forca  P^  aguals  saro.  In  this 
tim  intarval,  tha  solution  S(t)  has  tha  saaa  axprassion  as  rala- 
tion  (2)  whara  only  tha  indicas  ara  changad. 

c-  At  t>t2  ,  as  hypothasis  %<a  taka  into  account  tha  fact  that  no 
tansila  forcas  can  ba  appliad  to  tha  piazo  bar.  This  yialds  a 
third  alactrical  aquivalant  schama  givan  Pig. 6c. 


PIGURB  6  t  Bquivalant  schaoas  at  t  b)  t^<t<t2  c)  t>t2 


Tha  solution  S(t)  is  axprassad  by  (2)  whara  only  tha  indicas  ara 
changad  again. 

Nota  :  Both  opan  circuit  and  short  circuit  conditions  can  ba  siisu- 

latad,  short  circuit  conditions  just  baing  tha  limit  casa  of  opan 

circuit  conditions  whan  R.  -•  0. 

o 
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Tha  pulsad  strass  is  parfonaad  by  a  21.6  g  staal  ball  falling 
from  a  33  cm  haight  on  tha  anvil  .  Tha  opan  and  short  circuit  cha¬ 
racteristics  ara  recorded  by  a  digitizing  oscilloscopa  and  loaded 
by  tha  computer.  The  fine  adjustawnt  of  tia«  and  amplitude  parame¬ 
ters  constituting  tha  aquivalant  electrical  schama  yialds  both  ax- 
periawntal  characteristics.  Pig. 7  shows  tha  accuracy  of  tha 
simulation. 
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FIGURE  7  1  Experimental  and  simulated  characteristics 

The  mechanical  and  piezoelectric  coefficients  values  measured  at 
low  level  (LL)  following  the  IEEE  standards  [4]  are  compared  to 
those  obtained  by  the  simulation  (HL).  For  samples  #  1  and  #  2, 
the  results  are  given  in  table  1.  It  shows  that  the  real  part  of 
is  largely  increased  as  vrell  as  the  loss  tangent  tgB.  Moreover 
the  ratio  d,3(HL)/d,3(lX)  may  be  greater  than  2  and  non  lineari¬ 
ties  on  the  8*g  coefficient  are  observed.  By  the  same  time,  the 
increase  of  the  coupling  factor  is  less  in  the  case  of  sample  i  1. 

In  terms  of  open  circuit  voltage  Vo,  available  total  charges 
Q  and  energy  H,  it  seems  that  large  non  linearities  would  yield 
larger  values  of  Q  and  W.  Honraver  the  voltage  Vo  is  limited  by  the 
large  increase  of  the  loss  tangent. 


d„  »  pC/N 
sjg  j  10*^*m*/N 

**33 

LL 

**33 

HL 

*”r 

LL 

HL 

>*33 

LL 

k.. 

HL 

tgB 

% 

LL 

10 

•L 

LL 

•5, 

HL 

Sample  #1 

245 

410 

930 

2418 

0.67 

0.69 

0.7 

16.6 

16.1 

16 

Sample  #2 

210 

550 

714 

1928 

0.67 

0.83 

0.65 

9.47 

15.6 

29.6 

TABLE  1  :  Mechanical  and  piezoelectric  coefficients  at  low  and 
high  levels 


camcuj8i<m  t 

Using  an  analog  model  the  experimental  behaviour  of  a  piezoceramic 
subjected  to  a  resonant  uniaxial  stress  is  fully  described.  It  is 
confirmed  that  both  of  the  mechanical  and  piezoelectric  coeffi¬ 
cients  and  the  loss  tangent  present  very  high  values  during  the 
compression. 
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Abstract 

The  transmission  satrix,  that  depends  on  frequency,  has  been  proved  to 
be  useful  to  characterize  piezoelectric  transformers  behaviour  at  low 
signal.  It  shows  at  which  frequency  the  device  is  able  to  step  up  the 
voltage  and  which  parameters  describe  its  behaviour,  taking  Into  account 
not  only  the  voltage  but  also  the  output  current. 

In  order  to  compare  their  performances,  these  parameters  were  measured 
or  computed  for  ceramic  disc-shaped  transformers,  working  in  their  first 
or  higher  modes,  and  also  for  plate-shaped  ones.  Parameters  and  Z 
allow  an  analysis  of  the  suitability  of  a  device  for  each  application, 
depending  on  Input-output  Impedance  and  voltage  gain  required. 

An  analysis  of  the  validity  boundaries  of  this  model  has  been  made, 
taking  into  account  that  mechanical  quality  Q  falls  down  when  stress  and 
temperature  increase. 

INTRODUCTION 

Some  types  of  the  piezoelectric  transformer  have  been  proposed^'^.  The  basic 
aim  of  them  was  a  higher  voltage  gain,  not  taking  into  account  the  load 
current  capability. 

In  this  paper  we  propose  the  transformer  analysis  considering  equally 
both  aspects.  The  use  of  the  transmission  matrix  in  order  to  describe  linear 
behaviour  has  been  proposed  In  a  previous  paper 

In  contrast  to  resonators,  these  bi-port  devices  have  four  characteris¬ 
tic  frequencies  for  each  node,  instead  of  two.  Each  coefficient  of  the 
transmission  matrix  becomes  equal  to  zero  at  a  different  characteristic 
frequency. 


CHARACTERISTIC  PARAMETERS 

Maximum  gain  of  the  transformer  corresponds  to  the  frequency  f^.  at  which 
the  coefficient  A,  of  the  transmission  matrix,  takes  its  niniaum  value, 
specifically  the  real  part  of  A  is  null  and  the  imaginary  one  Is  nearly 
constant.  This  situation  corresponds  to  resonance  idien  the  primary  is  shor¬ 
ted  and  the  secondary  open. 


[411J/99 


100/(4121  PtREZ.  raENADERO,  ALBAREDA.  TRESANCHEZ.  GORRI  and  VILLAR 


Close  to  f^,  coefficients  B  and  C  are  aleost  purely  leaglnary  and  they 

obey  the  relationship  B*C  «  -1.  We  define  eean  Impedance  Z  as  the  reciprocal 

of  the  transadmittance  modulus  at  frequency  f^  ,  Z  *  l/J-C. 

If  Z  is  the  generator  output  impedance  and  Y  is  the  load  admittance, 
9  * 

the  voltage  gain  G  »  V  /S,  defined  as  the  ratio  between  the  output  voltage 

2 

and  the  e. m. f .  of  the  generator  is: 

1/G  -  A  +  B-Y.  +  C'Z  ♦  D-Z  -Y. 

1  q  9  1 

In  the  most  advantageous  case  in  which  Z  =  0  aixl  Y  =  0,  we  have: 

-  Maximum  gain  G^  >  l/|Amln| 

-  Input  impedance  2^^  * 

-  Output  impedance  Z  *  Z. G^ 

out  0 

The  bandwidth  Af  is  the  allowed  deviation  from  f^  without  losing  the 
gain.  Reactive  component  of  Y  and  Z  can  be  compensated  by  properly  shif- 

I  9 

ting  the  frequency. 

Coefficient  D,  reciprocal  of  the  current  gain,  ought  to  be  small 
|D|«G^  in  order  to  increase  the  range  of  load  impedances. 

In  order  to  decide  the  best  electrode  arrangement,  all  these  parameters 
can  be  obtained  by  numeric  calculation  using  a  simplified  model.  Here  it  is 
assumed  that  the  device  is  Infinitely  thin.  The  wave  function  is  the  super* 
position  of  the  two  functions  that  we  would  obtain  shorting  the  primary  or 
the  secondary  respectively.  For  both  functions,  priiaary  and  secondary  char¬ 
ges  are  calculated,  which  furnishes  us  the  admittance  matrix. 

COMPARATIVE  ANALYSIS  AMONG  DIFFERENT  TYPES  OF  TRAWSFCTIMERS 

In  order  to  compare  them,  we  may  represent  each  device  as  a  point  in  a 
log(G  )-log(Z)  plot  that  also  gives  us  Z  and  Z  directly  (see  Figure  1). 
The  parameters  G  and  Z  must  be  related  with  the  kind  of  transformer,  the 

O 

characteristics  of  the  material  it  is  made  with,  the  sizes  and  electrode 
arrangement. 

-Material  characteristics: 

G  depends  on  Q  (mchanical  quality  factor) 

O 

2 

and  on  k  (electromechanical  coupling  coeficient) 

Z  depends  on  c“'  (electrical  permitivity) 

“1/2 

and  on  c  (elastic  coeficient) 


LOW  SIGHAL  ANALYSIS  Cff*  PIEZOELECTRIC  TRANSFXIRMERS  [413j/101 

-Sizes:  (it  depends  on  type  of  transforser) 

For  the  Rosen-Jaffe  transforner': 

G  depends  on  the  ratio  L/t  (length  /  thickness) 

O 

Z  depends  on  the  ratio  L/w  (length  /  width) 

For  a  disc-shaped  transforeer  working  on  its  radial  eode: 

G  does  not  depend  on  size 

O 

Z  depends  on  the  ratio  t/D  (thickness  /  dlaneter) 
and  on  the  working  node. 

-Electrode  arrangement: 

Both  parameters  depends  on  them,  but  the  relation  is  not  easy. 
Numerical  calculation  must  be  done  in  order  to  decide  the 
best  arrangement. 

Different  transformers,  with  extremes  sizes  within  each  type  of  trans¬ 
former.  are  described  in  the  figure  1.  Radial  modes  in  disc  shaped  trans¬ 
formers  have  been  included,  working  in  fiuidamental.  first  and  second  over¬ 
tones,  as  will  be  described  later.  In  all  cases  PXE41  material  has  been 
used,  because  of  its  good  quality  factor. 
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FIGURE  1  :  Plot  of  maximum  gain  G  ,  and  main  Impedance  Z  for  the  folio- 
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Mean  lepedance  Z  Bust  be  decreased  when  higher  current  is  required.  This  can 
be  obtained  by  increasing  dianeter/thickness  ratio  or  by  using  higher  over¬ 
tones.  due  to  their  higher  working  frequencies.  The  decrease  of  Z  in  these 
cases  cem  be  appreciated  in  the  G  -Z  representation  (see  Figure  1). 

O 

Design  of  electrode  arrangement  must  take  into  account  the  presence  of 
nodal  lines  which  are  characteristic  of  the  higher  overtones.  Figure  2  re¬ 
presents  stress  field  as  a  function  of  the  radius  for  the  second  overtone. 
The  primary  electrodes  must  be  split  in  accord  with  that  line,  and  electric 
interconnection  between  the  two  zones  must  be  inverted. 


Figure  2:  plot  of  stress  T  +T.  versus  the  radius  r,  and  electrode  arrange- 

r  V 

ment  for  the  second  overtone  in  a  radial  transformer. 

In  the  Figure  2  the  central  zone  is  completely  occupied  by  the  seconda¬ 
ry.  This  assignation  is  more  adequate  because  stress  is  higher  in  that  zone. 
The  stress  is  weaker  near  the  nodal  line,  so  a  reduction  in  secondary  elec¬ 
trode  extension  could  be  convenient  in  order  to  maximize  voltaige  gain.  In 
this  case,  the  rest  of  the  internal  zone  could  be  used  also  as  a  primary. 

The  order  of  the  mode  is  limited  by  the  fact  that  wavelength  must  be 
rather  higher  than  device*  thickness. 

NON  LINEAR  BEHAVIOUR 

In  order  to  obtain  a  high  voltage  between  secondary  electrodes  it  is  inten¬ 
ded  to  have  an  amplitude  of  stress  T  as  great  as  possible.  So,  it  will  be 
strong  enough  to  produce  non-llnear  effects.  Then,  the  behaviour  of  a  trans¬ 
former  can  be  described  by  the  preceding  linear  analysis  only  as  a  first 
order  approximation  . 
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Moreover,  power  dissipation  can  notably  Increase  the  tei^>erature  of  the 
ceramic.  Both  facts  will  decrease  the  mechanical  quality  factor  Q,  decrea¬ 
sing  the  gain  G  .  Furthermore,  they  modify  the  elastic  constants,  shifting 

O 

the  optimum  working  frequency. 

Stress  strong  enough  to  depolarize  the  ceramic  must  never  be  applied, 
but  the  reasonable  limit  of  T  becomes  from  the  stress  dependence  of  Q. 
Taking  Into  account  that  E  Is  proportional  to  E^*Q(T),  the  relation  between 
E^  (  «  T/Q(T)  )  and  E^  (  «  T  )  can  be  obtained,  as  It  Is  shown  in  Figure  3. 

a)  b) 


FIGURE  3:  a)  Stress  dependence  of  mechanical  qual’ly  factor  Q. 

b)  Dependence  between  the  electric  fields  In  the  prlauiry  and 
the  secondary,  E^  and  E^. 

It  can  be  seen  that  E^  cannot  be  higher  than  a  saturation  value  E^  In 
spite  of  the  Increase  of  E^.  If  a  device  must  keep  a  high  gain  and  low 
dissipation  power,  the  field  E^  must  be  lower  than  E^. 

E^  Is  a  characteristic  value  of  the  material,  so  the  highest  output 
voltage  Is  proportional  to  the  distance  between  the  secondary  electrodes 
(the  thickness  for  the  radial  transformer). 

The  rate  of  heat  generation  Is  proportional  to  T*/Q(T),  so  it  can  be 
strongly  increased  by  a  rise  of  stress  T.  The  resulting  temperature  Increase 
A9  will  produce  an  additional  decrease  of  Q.  Since  LB  depends  also  on  the 
external  thermal  conductivity,  which  Is  weak  due  to  mechanical  uncoupling  of 
the  device,  the  tiate  needed  to  reach  thermal  stability  Is  often  long  (10 
minutes  for  a  3  mm.  thickness  device). 
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According  to  that,  two  kinds  of  analysis  aust  be  done:  the  first  one 
can  be  applied  Just  after  turning  on  the  transforaer,  when  only  a  stress- 
dependence  of  Q  aust  be  considered,  and  the  second  one  aust  be  applied  at 
the  steady  state,  when  the  teaperature  effect  is  also  laportant. 

The  working  frequency  shifting,  due  to  the  dependence  c(T),  force  us  to 
use  the  transforaer  also  as  an  oscillator.  To  serve  this  function,  a  third 
pair  of  electrodes  aay  be  useful  to  feedback  the  oscillator  circuit.  The 
dependence  of  the  frequency  with  the  aaplltude  aakes  unstable  the  optlaua 
point,  leading  to  a  frequency  where  perforaances  are  slightly  worse  than  the 
optlaa. 

CONCLUSIONS 

In  the  design  of  a  piezoelectric  transforaer.  It  aust  be  taken  Into  account 
the  following  facts: 

The  aost  appropriate  working  frequency  In  order  to  Increase  voltage.  Is 
f^,  which  corresponds  to  the  resonant  frequency  when  the  prlaary  Is  shorted 
and  the  secondary  is  open. 

Linear  behaviour  Is  mainly  characterized  by  the  paraaeters  G  and  Z, 

0 

and  also  by  Af  and  D. 

Radial  transformers  are  adequate  if  the  required  gain  Is  not  too  high. 
Output  current  can  be  Increased  using  higher  overtones. 

Linear  analysis  cannot  give  the  working  boundaries  of  the  device.  Maxi¬ 
mum  output  voltage  depends  on  the  distance  between  secondary  electrodes  and 
on  the  function  Q(T),  characteristic  of  the  material. 

Heat  dissipation  must  be  considered  In  devices  continuously  working.  It 
will  determine  the  working  temperature  and  the  value  of  Q. 
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Abstract 

The  resonance  Method  allows  the  deteraination  of  different 
elastic,  dielectric,  and  piezoelectric  constants  of  the 
Material  using  an  adequately  shaped  saaple.  The  accuracy  of 
the  relationships  between  the  Measured  electrical  input 
iMpedance  quantities  and  the  Material  constants  is  of  capital 

1*2 

iaportance. In  the  International  Standards  these  relations, 
and  consequently  the  derived  fornulas,  are  based  either  on  the 
exact  one-diMensional  expression  of  the  input  inpedance  of  an 
ideal  lossless  resonator,  or  on  the  sinpllfled  (Butterworth-Van 
Dyke)  equivalent  circuit.  In  this  paper,  the  accuracy  of 
equations  frequently  used  ^or  the  Measurenent  of  the  longitudinal 
acoustic  velocity,  v°,the  thickness  electroMechanical 

coupling  coefficient,  ,and  the  Mechanical  quality  factor, 

are  analyzed.  The  exact  one-dlMensional  Model  of  a  thickness 
expander  piezoelectric  resonator, with  a  rigorous  account  of  the 
internal  Mechanical  losses,  is  taken  as  a  reference. 


INTRODUCTION. 

Disk  shaped  piezoelectric  ceraMics  and  coMposlte  piezoelectric 
Materials  play  an  isportant  role  in  the  developnent  of  transducer 
devices.  The  Material  constants  of  the  piezoelectric  resonator  and  the 

3 

’effective’  Material  paraaeters  of  the  coMposites  (considered  as  a 
new  hoMogeneous  piezoelectric  Material)  are  a  key  in  the  global 
perforMance  of  the  transducers.  SoMe  of  these  relevant  constants  and 
paraMeters,  can  be  obtained  froM  the  Measurenent  of  the  electrical 
input  iMpedance  of  a  Material  saMple  using  an  iMpedance  analyzer. 
Foraulas  relating  the  Measured  iMpedance  quantities  to  the  Material 
constants  and  paraneters,  are  derived  froM  the  analytical  expression 
of  the  electrical  input  iMpedance  of  a  vibration  Mode  assuMing 
different  approxinations. 

In  this  work,  the  expression  of  the  electrical  input  impedance  of  the 
lossy  piezoelectric  resonator  ,  shown  in  the  Apendix  (Eq.  (AD),  is 
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taJcen  as  a  reference  In  the  analysis  of  the  accuracy  of 
well-known  characterization  foraulas.  This  expression  Is  exact  under 
the  following  assumptions:  linear  theory  of  piezoelectricity, 
one-dimensional  mode  of  vibration  and  negligible  dielectric  and 
piezoelectric  losses.  The  complex  propagation  wave  number  (r*/d)  and 
the  complex  electromechanical  coupling  coefficient  account  for  the 
mechanical  losses.  In  the  particular  case  of  tan  »  0,  equation  (Al) 
reduces  to  the  well-known  expression  for  the  Ideal  lossless 
thickness  piezoelectric  resonator^  . 

The  procedure  used  to  analyze  the  accuracy  of  some  frequently  used 
characterization  formula.  Is  as  follows: 

a)  Assximed  values  of  the  parameters  \  ^  f^  *  /  2d, 

are  used  to  generate  Impedance  data  using  Eq.(Al).  These  assumed 
values  are  the  "Input"  or  "exact"  parameters. 

b)  The  conventional  material  characterization  formula  are  applied  to 
the  previously  generated  Impedance  data  In  order  to  calculate  the 
"approximate"  values  of  the  parameters. 

c)  The  comparison  between  the  "approximate"  and  the  "Input" 
parameters  gives  the  accuracy  of  the  characterization  formula. 

d)  The  percent  of  the  relative  error,  with  respect  to  the  Initial 
"Input"  parameters  Is  taken  as  a  figure  of  merit,  defined  as: 

X(  . )  »  100  ("true"  value  -  "approximate"  value)  /  "true"  value. 

A  similar  procedure  ,for  the  analysis  of  the  accuracy  of  some 

relationships  between  resonator  parameters  and  Impedance  quantities, 

6  7 

has  been  previously  used  by  Martin  and  Shlbayama  ,  taking  as  a 
reference  the  expression  of  the  Input  Impedance  of  the  simplified 
(Butterworth-Van  Dyke)  RLC  equivalent  circuit.  It  has  also  been  used 

g 

to  test  the  accuracy  In  the  determination  of  radial  mode  constants 
In  the  following,  an  attenuation  coefficient  directly  proportional  to 
the  frequency,  and  consequently  a  mechanical  loss  tangent  Independent 
of  frequency  Is  assumed.  The  case  of  small  values  of  k^  and  is 
specially  considered. 

MEASUREMENT  OF  vj  AND  k^ 

1-2 

In  the  International  Standards  the  equations  for  the  measurement  of 
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th«  mv«  velocity  ,  end  the  electroMchanlcal  coupling  coefficient 
.are  both  derived  froa  the  expression  of  the  input  ispedance  of  an 
ideal  lossless  resonator. 

When  the  dissipative  terns  are  null  (tan  8^  >  0  ,in  Eq.  (AD),  there 

are  only  two  single  frequencies  of  interest  around  each  resonance, 

which  correspond  to  the  adeittance  and  inpedance  naxiaa  (f^  and  f^ 

respectively).  The  following  conventional  equations  are  obtained  froe 

Z  (f  )  B  0  ,  and  Y,  (f  )  ■  0  ,  after  the  substitution  of  f  for  f  and 

f  for  f, 
p  a 

v“  -  2  f  d  (1) 

t  p 

,  X  f  *  (f  -f  ) 

k*  »  - —  tan  - E— ^  (2) 

‘  2  f  2  f„ 

being  f  the  frequency  of  the  maximum  Input  resistance  and  f  the 

p  • 

frequency  of  the  Baxlnua  input  conductance. 


FIGURE  1.  Percent  error  X(v®)  as  function  of  Q  ^  . 

Figure  1  shows  the  percent  error  Xlf^,)  when  using  Eq.(l)  for  the 
detereination  of  v°  This  error  depends  only  on  the  discrepancy 
between  f^  and  f^  ,  since  the  possible  inaccuracy  in  the  neasurenent 
of  the  thickness  d  is  not  considered  in  this  analysis.  The  percent 
error  ,  increasing  with  the  mechanical  losses,  is  less  than  1.5X  in 
the  extreme  case  of  3.  In  addition  the  error  is  independent  of 
k  .The  deternination  of  f  from  high  overtone  resonances  is  sometimes 
recommended  being  v^  ■  2  f^  d  /  m  ,  with  m  «*  3,5,7  .The  percent 
error  in  f  (and  therefore  in  v®  )  when  using  the  overtone  m»5  is 


%  (Kt) 
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2.5X  for  ■  3  .The  good  accuracy  of  Eq.  (1)  can  be  noticed. 

Figures  2. a  and  2.b  show  the  percent  error  X(k^)  when  using  Eq.  (2) 
for  the  determination  of  the  electroeechanlcal  coi^llng  coefficient. 
The  percent  error  is  function  of  both  and  “Input"  constants.  A 
strong  Increase  of  the  error  In  the  case  of  high  eechanlcal  losses  and 
low  coupling  coefficient  can  be  noticed  (52X  when  k^  «  0.3  and  ■  3). 
Hotfever,  for  a  noreal  PZT  ceramic  material  (l.e.,  k  ■  0.5»  Q  >  100) 

t  B 

the  error  Is  completely  negligible  (0.038X).  In  the  case  of  a  typical 
ceramic-polymer  composite  (l.e..  k^  «  0.7  and  *20  )  the  error  0.16X 
, Is  also  very  low. 


0  5  iO  15  20  0.2  O.a  0.4  0.5  0.8  0.7 


Qffl  Kt 

FIGURE  2.  Percent  error  X(k^)  as  function  of  the  Input 
parameters,  a)  k^  «  0.5  ;  b)  «  3  . 

A  frequency  sweep  with  1900  data  points.  In  the  frequency  Interval 

(0.7f  -  l.Olf  )  has  been  used  In  the  computation  of  the  percent 

2  2 

errors  previously  presented.  The  same  frequency  sweep  will  be  used  In 
the  following. 

MEASUREMENT  OF  Q 

_ ■ 

The  mechanical  quality  factor  Is  a  parameter  of  key  Importance  for 
the  plezoceramlcs  characterization  and,  consequently,  for  the  design 
of  ultrasonic  transducers..  The  accuracy  of  the  following  expressions 
Is  amalyzed  In  this  paper: 

Q  «  f*  /  (2  K  f  :z  ;  (f*  -  f*  ))  (3) 

■  p  ■■Ops 


Q  ■  f  /  Af 


(4) 
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idMr*  :Z  :  is  the  Blnlaua  of  the  lepedance  Module  at  the  funeHaaental 

•  T 

resonance.  C^  is  the  free  capacitance,  and  Af  is  the  bandwidth  at 

half  of  the  SAxlsun  input  conductance.  Eq.  (3)  is  the  expression  for 

2 

proposed  by  the  (1961)  IRE  Standards  on  Piezoelectric  Crystals  . 
Eq.  (4)  corresponds  to  the  ratio  of  the  frequency  f^  to  the  power 
bandwidth 

Figures  3. a  and  3.b  show  the  percent  errors  X(Q^)  in  the  deterainatlon 
of  the  Mechanical  quality  factor  when  using  Eq.  (3).  C^  has  been 
detemined  froa  the  coaputed  input  reactance  at  lIcHz. Figures  3.c  and 
3.d  show  the  percent  error  in  the  deterainatlon  of  with  Eq.  (4). 
After  the  deterainatlon  of  f  .the  frequency  intervals  (O.Sf^-f  ). 
and  (f^-l.Sf^)  .with  1900  data  points  in  each  case,  have  been  used  for 
the  deterainatlon  of  the  half  bandwidth  frequencies. 


FIGURE  3.  Percent  error  X(Q  )  as  function  of  the  input 
paraaeters.  ;  a)  Eq.  (3)  and  ■■  20  ;  b)  Eq.  (3)  and  >0.5  ; 
c)  Eq.  (4)  and  -  100  ;  d)  Eq.  (4)  and  k^  -  0.7  . 

A  notable  inaccuracy  of  the  two  characterization  foraula  can  be 
noticed.  In  the  two  cases,  the  percent  error  increases  strongly  for 
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Mterials  with  high  electroaechanlcal  coupling  coefficients.  For  a 
typical  ceraalc-polyaer  coaposlte  (l.e. .  >  0.7  and  >  20)  the 

percent  error  Is  45. 4X  with  Eq. (3)  and  46. 2X  with  Eq.  (4). 


APPENDIX. 

The  electrical  Input  Impedance  of  a  thickness  extenslonal  piezoelectric 

4 

resonator.  Including  the  Internal  mechanical  losses  Is  given  by. 


Z  (u)  ■  - 

in  . 

J  “  ^ 


(  1  -  (k*)* 


tan  (y  /2) 
(Y*  /2) 


(Al) 


where: 


k*  -  k^  /  (  1  ♦  J  tan 


Y  ■  «  d  /  V 


Y*  ■  Y  /  (1  ♦J  tan  6 


D  ,0/0  v*.  vl/2 

»  (Re(c^)  /p) 

t  33 


tan  3  ■  1  /  Q  ■  Im{c®  )*  /  Re(c®  )* 

■  ■  33  33 


and  where  Is  the  clamped  capacitance,  d  Is  the  thickness  of  the 
piezoelectric  disk,  k^  the  electromechanical  coupling  coefficient, 
the  mechanical  quality  factor,  the  sound  velocity,  the 

complex  elastic  stiffened  constant,  and  p  the  density  of  the  material. 
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Abstract  Ve  describe  a  new  aethod  for  detemining  the  real  and 
iaaginary  parts  of  the  aaterial  constants  of  piezoelectric 
resonators.  Our  aethod  is  applicable  to  any  or  the  conon 
resonator  geoaetries,  it  is  non-iterative  and  its  accuracy  is 
coaparable  to  that  of  other  aethods  which  are  currently  in  use. 


INTRQDVCTIQI 

The  recent  past  has  seen  the  introduction  of  new  lossy  piezoelectric 
aaterials  such  as  ceraaic-polyaer  coaposites.  The  proper  calculation 
of  the  transducer  transfer  function  of  such  aaterials  requires  the 
deteraination  of  both  the  real  and  iaaginary  coapbnents  of  the 
aaterial  constants.  The  IEEE  standard^  on  Piezoelectricity  gives  the 
standard  aethods  for  aeasuring  the  aaterial  constants  iroa  the 
electrical  resonance  curves,  but  these  aethods  are  of  Halted  value  in 
deteraining  the  iaaginary  parts  of  the  constants.  Saits^  has 
described  an  alternative  aethod  using  an  iterative'  technique  to 
deteraine  the  coaplex  aaterial  constants.  This  aethod  is  noraally 
very  accurate  and  useful  in  research  work.  However,  it  requires  the 
judicious  choice  of  three  adaitiance  or  iapedance  data  points  and  this 
becoaes  tedious  when  a  large  nuaber  of  saaples  need  to  be  evaluated. 
Besides,  around  resonance,  the  low  saaple  iapedances  aay  overload  the 
voltage  source  and  distort  the  iapedance  data  thus  reducing  the 
accuracy  of  the  aeasureaent’.  Holland*  has  shown  how  the 
piezoelectric  phase  angle  nay  be  found  by  analysing  the  real  parts  of 
the  aaterial  constants  obtained  by  using  the  aethods  of  the  IEEE 
standard*  or  by  applying  the  results  of  the  gain-bandwidth*  aethod  to 
a  Taylor’s  series  expansion  of  the  resonance  equation.  However,  once 
again  the  data  has  to  be  judiciously  chosen  and  a  coaplex  equation  has 
to  be  solved  so  that  the  aethod  is  rather  cunbersoae  to  use. 

In  this  paper  we  present  a  sinpler  technique  to  deteraine  the 
coaplex  aaterial  constants  for  a  piezoelectric  resonator.  Our 
technique  is  easy  to  use  and  it  only  requires  frequency  data  around 
resonance  and  a^ittance  or  iapedance  data  away  froa  resonance. 
Besides,  the  aethod  only  requires  data  at  certain  critical  frequencies 
and  does  not  involve  the  experiaenter  in  aaking  a  suitable  choice  of 
data  points.  In  an  earlier  paper  we  have  reported  on  the  application 
of  this  aethod  to  the  particular  case  of  radial  aode  resonance*. 
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METHOD 

Ve  illustrate  our  aethod  by  considering  the  thickness  node  resonance 
of  a  plate  resonator  of  thickness  t  and  electrode  area  A.  The 
impedance  of  the  plate  is  given  by> 

r  tan(*»/4fp)T 

Z(«)  =  (t/itf«*  A)ll  -  k?  — (1) 


where 


is  the  damped  permittivity,  kt  is  the  electromechanical 


coupling  constant  for  the  thickness  mode  and  fp  is  the  parallel 
resonance  frequency.  Ve  define  the  parallel  and  series  resonance 
frequencies,  fp  and  fg,  as  the  frequencies  which  correspond  to  maxima 
in  the  real  parts  of  wZ(«)  and  Y(m)/w  respectively,  and  not  in  the 
real  parts  of  Z(m)  and  Y(tf)  as  in  the  IEEE  method.  Our 
definitions  are  mathematically  more  correct  since  fp,  for  example,  is 
the  frequency  at  which  the  expression  in  square  brackets  in  (1)  has  a 
maximum  in  its  real  part.  The  difference  between  the  two  dennitions 
is  onlv  significant  for  materials  with  a  low  mechanical  Q  which  is 
defined  as  the  ratio  of  the  real  part  of  the  elastic  constant  to  its 
imaginary  part.  Land  et  al^  have  shown  that  the  bandwidth  at 
resonance,  defined  as  the  frequency  of  maximum  reactance  minus  the 
frequency  of  minimum  reactance,  is  related  to  the  mechanical  Q  of  a 
resonator.  Vhile  the  IEEE  method  uses  critical  frequencies  from  the 
real  impedance  and  admittance  data,  we  have  used  Land  et  al’s  result 
to  define  frequencies,  with  complex  arguments,  whiph  combine  the 
critical  frequencies  from  both  the  real  and  imaginary  parts  of  the 
impedance  and  admittance  spectra.  Thus,  the  first  series,  the  second 
series  and  the  first  parallel  resonance  frequencies  are  respectively 
defined  by 


=  fp[i  -  1 

a  =  «[i-i 


-  j"  1 

___L!Z2 

r^] 


where  all  the  particular  frequencies  are  shown  in  Figure  1. 

The  complex  elastic  stiffness  is  then  given  by 

c5>  =  .  (5) 

where  n  has  the  values  1,  3  or  5  for  the  first,  the  second  or  the 
third  resonance  respectively.  The  complex  value  of  the  thickness  mode 
electromechanical  coupling  constant,  kt,  may  be  evaluated  in  one  of 
two  ways.  The  first  way  is  to  follow  the  IEEE  standard^  but  replace 

fp  and  fg  with  f^  and  fg  respectively,  which  gives 


k|  = 

^  u  n  J 


where  the  tan  function  nay  be  evaluated  using  the  identity 
tan(a+ib)  =  (sin2a  +  isinh2b)/(cos2a  +  cosh2b). 
Alternatively,  kt  nay  be  determined  using  the  technique  suggested  by 
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FIGURE  1.  The  critical  frequencies  deteriiined  fron  the  Modified 
adaittance  and  iapedance  locus  diagraas  which  are  plots  of 
B(tf)/w  vs.  G(tf)/w  and  of  wl(tf)  vs.  wR(w). 


Onoe  et  al*  who  have  presented  a  nuaerical  table  of  the  coupling 
constant  k  as  a  function  of  the  ratio  of  the  second  series  resonance 
frequency  to  the  first  series  resonance  frequency.  Ve  have  used  a 
least  squares  technique  to  fit  their  table  to  a  polynoaial  of  the  fora 

ka  =  ao  +  ^  ^  ^  ^  ^ 

rg  r|  ri  rj  rS 

s  s  $ 

=  ^  an(r,)'«>  =  ^a„(r,)’"  C08(nP)  -  i^a„(r,)-"  sin(nP),  (7) 

naO  0  0 

where  rg  =  f "  /  fi  is  a  coaplex  series  frequency  ratio  with  a 
representing  the  order  of  the  resonance.  The  values  of  the 
coefficients  are  shown  in  Table  I.  In  the  range  0  <  k  <  0.8  the 
polynoaial  fits  are  valid  to  within  an  average  error  of  0.0147*  and  the 
fit  has  been  illustrated  in  an  earlier  publication*.  Onoe  et  al’s 
Method  and,  hence,  the  above  polynoaial  are  applicable  to  the  length 
extensional  and  the  thickness  shear  aodes  in  addition  to  the  thickness 
extensional  aode  under  discussion  here.  Table  II  shows  the 

relationship  between  the  coupling  coefficients  in  each  resonance 
geoaetry  and  the  k  given  in  Equation  (7).  In  the  thickness  aode  of 
Materials  with  large  kt,  sideband  resonances  are  coaaon  and  these 
cause  a  shift  in  the  critical  frequencies  which  introduces  a 


TABLE  I 

.  Coefficients  for  the  polynoaial 

in  equation  (7) . 

fj/fi 

mi 

fS/fJ 

ao 

2.6027556 

1.3600551 

1.2470973 

ai 

-30.879689 

-11.956448 

-11.627842 

a2 

231.71003 

140.14918 

180.95922 

as 

-925.12604 

-1085.1453 

-2121.5036 

a4 

1800.5885 

3674.9833 

10130.643 

as 

-1463.0141 

-5542.2805 

-22071.221 
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TABLE  II.  Fonulae  for  calculating  the  elastic  and  electroaechanical 
coupling  coefficients  for  the  various  resonance  geometries. 


cSs  = 


SSJ  = 


Sii  = 


4piafX 


4/»l*f| 


Thickness  Extensional 

k’  =  k? .  j  t«,[5  J 

Length  Extensional 

k  =  kss  =  J  tanj^j 


Length  Thickness  Extensional 

.  J  i 


cSs  =  AptHl 


Thickness  Shear 
k’  =  k!,  =  I  ii  tanl 


-Jsil 

fo  J 


simificant  error  in  the  argument  of  the  tan  function  in  Equation 
(dTand  hence  an  error  in  the  value  of  k  =  kt  obtained  by  using  the 
IEEE  equation,  and  so  in  this  case  the  technique  of  Onoe  et  al  is  the 
more  accurate  one.  For  materials  with  low  kt,  the  sideband  resonances 
are  insignificant  and  in  this  case  the  IEEE  equations  are  adequate 
when  k  is  small.  Onoe  et  al  have  found  that  their  method  is  suitable 
for  the  thickness  shear  mode  and  the  thickness  mode  provided  that  the 
length  or  diameter  of  the  specimen  is  at  least  10  times  its  thickness. 
Table  II  shows  all  the  equations  required  to  find  k  by  the  IEEE  method 
as  well  as  by  using  Onoe  et  al’s  technique. 


With  kt  and  fp  known,  the  clamped  permittivity 


may  be  found 


by  choosing  one  impedance  data  point  Z(w)  and  rearranging  Equation  (1) 
to  give 


=  (t/iwAZ(w))[l  -  k! 


j  tan(w/4f^). 


tf/4f> 


While  there  is  no  particular  criterion  for  choosing  the  data  point 
Z(w),  it  is  advisable,  to  avoid  choosing  a  point  near  resonance  where 
small  errors  can  get  magnified  in  the  analysis;  we  suggest  choosing 
the  point  at  a  frequency  f  =  (n+l)fp  so  that  it  is  between  the 
fundamental  and  the  second  resonance  and  so  that  the  mode  coupling 
between  the  free  and  the  clamped  boundary  conditions  is  complete  and 
the  data  is  that  of  a  clamped  resonator. 

The  piezoelectric  constant  is  given  by^ 

e  =  kt(c®  c»  )^.  (9) 

S3  '  33  33  '  ' 


For  materials  which  exhibit  a  strong  dielectric  dispersion,  such  as 
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polyvinyl idene  difluoride  or  soae  ceraaic-polyaer  coaposites,  the 
value  obtained  for  e*  at  f  =  (n>l)fp  will  be  different  from  the  value 

of  c>  at  resonance.  To  ensure  that  aaterial  constants  are  evaluated 

33 

at  the  saae  frequency,  ve  suggest  that,  for  these  aaterials,  the  real 
part  of  e>  derived  at  f  =(n^fp  be  adjusted  to  give  the  best  fit  to 

S3 

the  imaginary  data  B(«)  around  resonance  and  that  the  inaginary  part 
of  c>  be  adjusted  to  give  the  best  fit  to  6(tf).  Alternatively, 

33 

equations  (6)  and  (8)  can  be  used  to  find  the  clasped  coaplex 

permittivity  e*  (tf)  as  a  function  of  frequency. 

33 

As  «e  have  mentioned  earlier.  Equations  (5)  and  (6)  were  derived 
from  the  piezoelectric-elastic  term  in  brackets  in  equation  (1)  and 
their  derivation  assumed  that  e’  is  real,  since  a  complex  shifts 

33  33 

the  critical  frequencies.  For  materials  with  low  kt  (kt  <  0.3),  the 
seperation  between  the  series  and  parallel  resonance  frequencies  is 
small  and  the  shifts  due  to  a  complex  may  introduce  significant 

33 

errors  in  the  calculated  values  of  cn  atd  kt.  Ve  have  found  that  if 

kt  is  low,  or  if  the  imaginary  component  of  is  large,  then  a 

3  3 

second  set  of  critical  frequencies  must  be  determined.  The  value  of 
es  ,  found  from  the  first  set  of  critical  frequencies,  is  used  to 

offset  the  shift  in  critical  frequencies  by  determining  the  new  sets 
of  critical  frequencies  (fp,  fP  fP^  ^  from  plots  of  X’(tf)  vs. 

R’(tf)  and  (fs,  f  from  p](ots  of^B’(tf)  vs.  6’(tf)  with  the  new 

impedance  and  admittance  functions  being  defined  as 


«'(•) 

*  B(tf)f5")  /  w((£s;)»  +  (es”)»)  , 

B'(.) 

=  (G(«)es;; 

-B(«)£s;)  /  «.((£»;)*+  (£»;;)*)  , 

»'W 

= 

-  X(*r) , 

X'(.) 

= 

+  *(")«;;)*' » 

Z'(.) 

=  R'(tf)  + 

iX'(tf)  , 

T'(.) 

=  G'(tf)  + 

iB'(«)  . 

In  the  above  equations,  R(tf),  X(i'))  6(6^)  and  B(a;)  are  the  measured 
resistance,  reactance,  conductance  and  susceptance  respectively,  while 
c>'  and  are  the  real  and  imaginary  parts  of  which  has  been 

determined  earlier.  The  calculation  follows  the  method  outlined 

previously:  fp  is  calculated  from  a  plot  of  X'(tf)  v8.R'(tf),  fs,  and  f| 
are  calculated  from  a  plot  of  B'(tf)  vs.  6'(w)  and  these  lead  to  new 

values  of  C33,  kt,  c’  and  033. 

33 
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Finally,  we  note  that  when  kt  and  Q  are  both  low,  the  seperatiou 
between  fp  and  fg  is  again  saall  while  fp  and  fg  can  only  be  measured 
to  an  accuracy  determined  by  Q.  So  the  larger  error  in  fp-fg  will 
produce  a  larger  error  in  the  calculated  value  of  kt. 


EVALUATION  OF  QUR  METHOD 

Ve  have  evaluated  our  method  as  follows.  Ve  have  used  the  known 
material  constants  of  a  niobium  doped  lead  zirconate  titanate  (PZT), 
taken  from  with  the  imaginary  part  of  the  piezoelectric 
constant  assumed  to  be  e"^  =  -0.02  e'^,  to  generate  the  impedance  and 

admittance  spectra  and  we  have  then  used  our  technique  to  determine 
the  material  constants  from  these  spectra  for  final  comparison  with 
the  original  values.  Ve  have  done  this  assuming  two  different  sets  of 
values  for  Q  and  for  kt  to  check  the  accuracy  under  differing 
conditions.  Ve  have  also  applied  our  method  to  determine  the  material 
constants  of  a  1-3  ceramic-polymer  composite  and  we  have  compared  the 
results  with  those  obtained  by  using  Smits’  technique. 

Case  1:  Q  =  50  and  k>  =  0.4807(1  -  0.02il 

In  this  case  the  dielectric  dissipation  is  low  enough  and  kt  is  high 
enough  for  the  critical  frequencies  to  be  found  directly  from  Y(w)/u 
and  and  we  have  used  the  polynomial  form  of  Equation  (7)  to  find 
kt.  Uur  results  are  compared  to  the  input  values  of  the  material 
constants  in  Table  III  and  we  note  that  the  largest  error  of  0.27. 
occurs  for  the  piezoelectric  constant  and  the  coupling  constant. 


TABLE  III.  Comparision  between  the  input  material .constants 
and  the  values  derived  by  our  method. 


Material 

Constant 

Input 

Value 

Calculated 

Value  from 
Y(b/)/v  and  uZ{u) 

Error  7, 

Real  Imag 
part  part 

kt 

0.4807(1-0.021) 

0.4818(1-0.020021) 

0.2 

0.2 

C33(10-‘>N/m2) 

1.47(1+0.021) 

1.469(1+0.020001) 

0.04 

0.04 

e3,(C/ii>) 

7.345(1-0.021) 

7.349(1-0.019991) 

0.05 

0.01 

15.8(1-0.021) 

15.84(1-0.019991) 

0.2 

0.2 

Case  2:  0  =  10  and  k.  =  0. 04788 f  1-0. 05990il 

In  this  case  kt  is  low  and  the  small  1)  implies  that  has  a 
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significant  imaginary  component.  As  explained  earlier,  this  requires 
the  determination  of  a  second  set  of  critical  fifcquencies  using  the 
set  of  Equations  (10),  and  the  results  obtained  by  using  this  method 
are  shown  in  Table  IV.  The  maximum  error  of  2.17.  is  to  be  found  for 
the  imaginary  component  of  the  piezoelectric  constant  633  and  it 
should  be  noted  that,  for  real  materials  with  such  low  values  of  ()  and 
kt,  it  is  unlikely  that  the  material  constants  could  be  determined  to 
such  a  precision  due  to  the  limited  accuracies  to  which  the  critical 
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frequencies  could  be  neasured.  It  should  also  be  noted  that  had  the 
calculations  been  carried  out  directly  with  the  first  set  of  critical 
frequencies,  determined  from  Y(i;)/&r  and  tfZfv),  the  errors  in  the  real 
parts  of  kt  and  033  would  be  as  large  as  467.  and  their  imaginary  parts 
would  have  even  larger  errors;  however  such  a  calculation  would  have 


TABLE  IV.  Comparision  between  the  input  material  constants 
and  the  values  derived  by  our  method. 


Material 

Constant 

Input 

Value 

Calculated 

Value  from 
¥'(*»)  and  Z' {u) 

Error  7. 

Real  Imag . 
part  part 

kt 

0.04788(1-0.059901)0. 04879(1-0.059341) 

1.9 

1.0 

C33(10-“N/m2) 

1.47(1+0.101) 

1.454(1+0.100261) 

1.1 

0.8 

7.345(1-0.021) 

7.359(1-0.019811) 

<0.01 

0.01 

633  (C/m^) 

1.58(1-0.021) 

1.601(1-0.019321) 

1.4 

2.1 

given  reasonable  values  of  C33  and  .  Thus  our  use  of  the  second 

33 

set  of  critical  frequencies  yields  much  better  results. 

Case  3;  1-3  ceramic-Dolvmer  composite 

Ve  have  used  our  technique  to  determi  le  the  material  constants  of  a 
1-3  connectivity  ceramic-polymer  composite  with  lead  zirconate 
titanate  (PZT)  as  the  ceramic  material.  Table  V  shows  the  data 


TABLE  V.  Measured  data  for  the  1-3  PZT^olymer  specimen. 


Diameter  D  =  0.03143  m. 

Thickness  t  =  0.00203  m. 

Density  p  =  4170  kg/m* 

Z(3  MHz)  =  2.27  +  29.34i  ohms 

Resonance  f  (kHz) 

f  (kHz)  f  (kHz) 

♦!/2'  '  -1/2' 

First  series  698.2  663.1  723.6 

First  parallel  895.4  878.8  911.3 


TABLE  VI.  Material  constants  for  the  1-3  composite  calculated 
by  our  method  and  by  Smits’  technique. 


Material  Constant 
kt 

Cs3(10-‘0N/m2) 

c;,(10»F/m) 

e33(C/«2) 


Our  method 

0.6670(1  -  0.03516) 
5.49(1  +  0.0363i) 
5.336(1  -  0.0582i) 
11.4(1  -  0.0455i) 


Smits’  method 

0.6681(1  -  0.08232i) 
5.503(1  +  0.0370i) 
5.096(1  -  0.163i) 
11.2(1  -  0.145i) 
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■easured  by  us  for  this  specinen.  Since  the  impedance  spectrum  was 
clean  and  since  there  was  no  evidence  of  coupling  to  the  lover  modes, 
we  have  used  Equation  (6)  to  determine  kt.  The  material  constants 
obtained  by  the  use  of  our  method  are  shown  in  Table  VI  which  also 
gives  the  values  of  the  same  constants  obtained  by  using  Smits’ 
technique.  Figure  2  shows  the  fit  to  the  impedance  data  given  by  our 
method  as  well  as  by  Smits’  method;  both  methods  give  very  good  fits 
and  their  curves  overlap  for  the  most  part.  However,  Smits’  method 
gave  different  material  constants  depending  on  the  data  points  that 


FIGURE  2.  Impedance  data  points  for  a  1-3  PZT-polymer  composite 
compared  with  curves  derived  from  the  material  constants 
calculated  by  our  method  and  by  Smits’  method. 
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vere  used  in  the  calculation;  in  particular,  the  iaaginary  parts  of 

kt,  eis,  and  e*  changed  appreciably  depending  on  the  data  points  used 

even  though  the  fit  remained  good. 

The  three  cases  which  we  have  evaluated  show  that  our 
non-iterative  method  gives  unique  values  of  the  complex  material 
constants  with  an  accuracy  that  is  comparable  to  other  methods 
currently  in  use. 
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Ahstrari  A  high  power,  nuiRilayer  piezoelectric  ceramic  actuator  has  been 
developed  and  has  been  applied  to  burr-free  blanking  of  thin  foil  using  the 
redprocating  blanking  method.  A  ternary  system,  Pb(Ni^0Nb2o)O3-PbZrO,-PbTiO,, 
was  selected  for  piezoelectric  ceramics  prepared  using  the  conventional  method. 
The  fottowing  results  were  obtained  from  this  study. 

(1)  The  maximum  force  and  displacement  of  the  actuator  (D=35mm)  induced  by 
an  applied  voltage  of  400V  were  2.8x10*N  and  50pm  respectively. 

(2)  It  was  possl)le  to  blank  fol  13  -  SOpm  thick  using  piezoelectric  ceramic 
actuators  with  this  method,  and  obtain  burr-free  edges. 

As  a  result,  it  was  confirmed  that  burr-free  blanking  of  thin  foil  can  be  done 
with  a  multilayer  piezoelectric  ceramic  actuator. 


INTRODUCTION 

The  blanking  process  includes  intrinsic  problems  of  shear  drop  and  burrs  generated 
during  the  shearing  process.  Many  efforts^'”  have  been  made  particuiarty  to  suppress 
or  remove  burrs,  which  have  greatly  influenced  product  reliability.  Few  reports,  however, 
seem  to  have  been  made  on  burr-free  blanking  or  blanking  equipment  for  foil  less  than 
100pm  thick. 

To  achieve  burr-free  precision  blanking  of  very  thin  metal  foH  (lOGpm  or  less) 
with  the  reciprocating  blanking  method  developed  by  Maeda*.  the  authors  have 
developed  a  new  system  of  blanking  equipment  which  directly  uses  the  force  irKluced 
by  the  electric  field  of  piezoelectric  ceramics  as  a  shearing  force  and  controls  the 
punch  position  with  micron-ie\ml  precision  throu^  generated  strain. 

Reciprocating  blanking  defomis  foil  to  a  certain  extent  with  the  first-process 
puTKh  and  die;  then  does  so  again  in  reverse  with  the  second-process  punch  and  die. 
When  the  proper  penetration  depth  is  obtained  with  the  fbst-prooess  punch,  the  shear 
drop  remains  on  both  sides  of  the  sheared  surfoce  and  no  burr  is  generated,  in  this 
process  for  thin  fofl,  stroke  control  at  the  micron  level  during  first-prooess  punch  is 
essential. 

This  paper  introduces  the  construction  of  the  actuator  and  this  new  blanking 
equipment  and  reports  test  results  obtained  for  blanking  of  IS-SOjum  stainless  steel  foil. 

(433J/121 


1224434)  Y.  KAWAMURA,  K  MAT5UM0TD,  M.  NONAMI  and  F.  NHNO 


CQt^TRUCTlQN  OF  THE  ACTUATOR  AND  EQUIPMENT 


Piezofliactlic  oefamlcs 

A  ternary  system.  0.5Pb(Nii;,Nb2a)0,-0.15PbZi03-0.3SPbTi03  with  perovskMa  structure, 
was  selected  tor  the  piezoelectric  ceramics,  because  it  generates  a  fairly  large  field 
induced  strain.  They  were  prepared  using  the  conventionat  method^  in  which  the 
microstructure  of  the  ceramics  was  controlled.  The  properties  of  toe  piezoelectric 
ceramics  are  shown  In  Table  I. 


Table  I  Properties  of  piezoeiectric  ceramics 


Coupling  factor 

0.60 

Relative  dielectric  const. 

5700  (at  room  temp.] 

Mechanical  quality  toctor 

70 

Piezoeiectric  const.  djaCIO'^^m/v) 

650 

d„(10-’*m/v) 

-280 

Young's  moctolus  Y„^(10’“N/rn*) 

6.8 

Poisson's  ratio 

0.84 

Curie  temp.  ("C) 

130 

Density  (10^g/rn^ 

8.0 

Multilayef  ptazoelflctfic  actoatof 

The  multilayer  piezoeiectric  actuator  cons^  of  101  piezoeiectric  ceramic  disks  0.7mm 
in  thickness  and  20  -  60mm  in  diameter,  and  internal  Ag  paste  electrodes  alternately 
arranged  and  insulated  by  small  gaps  filled  with  epoxy  resin  and  eiectricaliy  connected 
in  parallel  with  an  external  electrode.  The  actuator  makes  use  of  strain  in  toe  thickness 
direction  induced  by  an  electric  field  in  the  piezoelectric  ceramics.  Figure  2  shows  the 
construction  and  appearance  of  the  actuators  which  we  have  developed. 


FIGURE  2  Constmction  and  appearance  of  actuators 
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Table  II  shovvs  the  properties  of  the  muNiiayer  piezoetectric  actuator  3Smm  In  cHameter 
used  in  this  study. 


TABLE  11  Properties  of  multilayer  piezoeieciric  actuator 


Diameter  (mm) 

35 

Lengfo  (mm) 

90 

Max.  force  (10*  N) 

2.8 

Max.  displaoament  ^) 

50 

Driving  voltage  (V) 

400 

Capadtanoe  (pF) 

7.0 

Figure  3  shows  the  relation  between  the  voltage  appled  to  the  actuator  and 
displacement.  When  the  actuator  is  mounted  on  the  equipment  a  preloading  spring  is 
incorporated  to  give  a  compression  load  to  the  actuator,  but  the  relation  between 
applM  voltage  and  cNsplaoement  remains  almost  the  same.  Hysteresis,  an  intrinsic 
property  of  piezoelectric  ceramics,  is  a  big  problem  in  senro  control.  However,  in  the 
case  of  repeated  rflgtal  two-point  positioning,  it  is  enough  to  provide  a  cKsplaioement 
sensor  for  the  oondlion  setting  and  punch  position  nxyiitoring. 

Figure  4  shows  the  relation  between  the  force  caused  by  the  volage  ^ppled 
to  the  actuator  arxl  displacement.  When  foe  actuator  is  mounted  on  foe  ecMpm^  it 
cannot  be  used  in  the  range  near  the  maximum  force  corresponding  to  rtisplacement 
zero,  so  K  is  used  at  less  than  half  of  the  maximun  force. 


OiBptocanwni  (/m) 


FIG.  3  Relation  between  applied  RG.  4  Relation  between  force  and 
vollage  and  displacement.  displacemenL 


Construction  and  control  of  the  PIEZQPRESS 

The  reciprocating  blanking  system  has  cylinders  incorporating  the  above  mentioned 
actuator  and  a  preloading  spring,  which  are  arranged  on  the  upper  and  lower  sides  of 
the  blar^ring  die.  The  actuator  controls  purKhes  for  the  first  and  second  processes 
when  the  system  is  operated.  We  have  named  this  system  a  PIEZOPRESS. 
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Figure  5  shows  the  construction  of  the  PtEZOPRESS.  To  increase  (fisplaoement. 
two  units  of  the  actuator  are  arranged  in  series  vertically.  The  stripper  in  the  die  is  of 
a  rTK>vable  type  using  smaH  multiiayer  piezoelectric  actuators,  so  the  electromagnetic 
noise  source  can  be  eknirtated,  resuHng  in  a  quiet,  low-noise,  high-precision  blanking 
press.  Figures  6  and  7  show  the  appearar^  of  the  PIEZOPRESS. 

An  eddy-cunent  type  disptaoement  meter  provided  in  the  cylinder  is  used  for 
monitoring  punch  dispiaoement.  A  high-speed  control  system  where  a  sequerx^r  and 
power  transistors  are  combined  s  used  to  control  the  voftage  appled  to  the  upper  arxl 
lower  actuators  and  the  movable  stripper.  Figure  8  shows  a  typical  example  of  the 
punch  action  and  operation  sequence. 


FIGURE.  5  Construction  of  PIEZOPRESS 
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FIGURE  8  Typical  punch  action  and  operation  aequanoe 
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A  reciprocating  blanking  test  was  carried  out  using  stainless  steel  fbi  13  -  SOpm  thick 
and  20mm  wide  as  sample  material  and  a  blanking  dtcie  wNh  a  10mm  diameter.  Die 
clearance  was  less  than  10%  of  fofl  thickness  for  both  the  upper  and  lower  dies.  The 
number  of  blanking  strokes  per  minute,  depending  on  fol  feed  speed,  was  set  at  about 
60  in  this  test  Single  blanking  was  carried  out  under  the  same  condMorrs  for  the 
purpose  of  comparison. 

Figure  9  shows  a  typical  sheared  surface  obtained  wlh  the  blanked  samples. 
The  single  blanking  samplefa)  shows  that  only  one  edge  drops  smoothly  stkI.  therefore, 
it  is  probable  a  burr  wi  be  left  on  the  oppo^  side  of  the  edge.  On  the  other  hand, 
the  reciprocating  blanking  sample(b)  shows  that  both  edges  drop  smoothly  arxl  that  a 
burr  is  prevented  from  occurring.  Y/9  obtained  the  same  rasuls  on  the  blanking  of 
other  samples  13  -  80|Mm  thick. 


FIGURE  9  Typical  sheared  surfooes.  (Stainless  steel  foH  sqpm  thick) 
(a):  Single  blanking  (b):  Redproatiing  blanking 
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Figure  10  shows  a  sectional  view  of  a  typical  half-blanked  sample  taken  out 
to  d^ermlne  the  degree  of  penetration  after  the  first-process  punch.  The  samples  were 
plated  with  Nl  for  the  observation. 

Figure  11  shows  the  sheared  surface  of  stainiess  steel  foil  13^  thick.  In  this 
case,  we  used  reciprocating  blanking  with  sfight  vi)ration.  because  (to  clearance 
became  more  than  10%  of  fol  thickness.  No  burr  can  be  observed  on  either  edge. 


FIG.  10  Sectional  view  of  half-blanked  RG.  11  Sheared  surface  of  stainless 
sample.  (SQpm  thick)  steel  foil.  (13^  thick) 


CONCLUSION 

This  paper  describes  the  construction  of  a  piezoelectric  actuator  and  a  new  type  of 
blanking  equipment.  PIEZOPRESS.  In  this  system,  the  reciprocating  blanking  method  is 
applied  to  obtain  burr-free  blanking  of  thin  metal  foil.  A  force  induced  by  the  electric 
field  of  piezoelectric  ceramics  is  used  directly  for  the  shearing  force,  and  micron-level 
punch  posftion  control  is  obtained  with  generated  strain.  A  burr-free  blanking  test  with 
stainless  steel  foil  13  -  SOfiim  thick  confirmed  that  reciprocating  blanking  is  practicable 
with  this  system. 

The  new  equipment  is  characterized  by  high  precision,  small  size,  and 
cleanness.  Therefore,  it  can  be  buRt  in  a  precision  device  assembly  line.  We  also 
expect  that  new  and  unconventional  uses  will  be  found  for  this  equipment. 

From  now  we  wW  try  to  improve  the  actuator  and  equipment  arxf  also 
investigate  the  optimum  punch  stroke  for  the  first  process  and  die  cleatarx»  matching 
materials,  to  enhance  the  equipment's  reliability. 
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THE  INPLUBNCB  OF  THB  BLBCTRIC  STIFFENING  ON  THE  RESO¬ 
NANT  FRBQUBNCT  TEMPERATURE  DEPENDENCE  OF  QUARTZ  RESO¬ 
NATORS 


Jlrl  ZELBNKA 

Technical  University  of  Liberec,  Halkova  6,  Llberec 
Czechoslovakia 


Abstract  Holland,  Sinha  and  Tlersten,  Lee  and  Tong 
proposed  a  new  method  for  the  more  precise  determina¬ 
tion  of  the  temperature  dependence  of  the  resonant 
freouency  of  quartz  resonators  in  the  period  from  1976 
to  1984.  The  method  is  based  on  the  proposition  that 
the  small  vibrations  of  the  quartz  plare  are  super¬ 
posed  on  the  large  thermally  induced  deformation.  The 
extension  of  the  Lee  and  Tong's  method  is  explained  in 
the  paper.  The  piezoelectric  properties  and  the 
temperature  dependence  of  the  piezoelectric  constants 
and  permitlvltles  are  considered  by  the  description  of 
the  modified  method. 


INTRODUCTION 

Lee  and  Tong  presented  ^  one  set  of  the  first  temperature 
derivatives  c'  ‘  ’  and  one  set  of  the  effective  second  tem- 

perature  derivatives  c‘*’  of  quartz.  The  mentioned  sets  of 
the  first  and  second  temperature  derivatives  were  calcula¬ 
ted  from  the  temperature  coefficients  of  the  frequency  mea¬ 
sured  by  Bechmann,  Ballato  and  Lukaszek^.  By  the  derivation 
of  the  temperature  derivatives  c*  Lee  and  Tong  considered 
the  linear  field  equations  for  small  vibrations  superposed 
on  thermally  Induced  deformations  by  st'eady  and  uniform 
temperature  changes.  They  derived  the  deformation  caused  by 
the  temperature  changes  from  the  nonlinear  field  equati¬ 
ons  of  thermoelasticity  in  Lagrangian  formulation.  The  in¬ 
clusion  of  the  nonlinear  effects  to  the  expression  of  the 
thermally  Induced  deformation  makes  it  possible  to  describe 
more  precisely  the  resonant  frequency  temperature  behaviour 
of  the  quartz  resonators. 

When  Lee  and  Tong  derived  the  sets  of  the  temperature 
derivatives  c‘  they  neglected  the  influence  of  the  pie¬ 
zoelectric  properties  of  the  quartz  plates  on  the  resonant 
frequency.  As  it  was  shown  by  Zelenka  and  Lee^  neglecting 
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the  piezoelectric  properties  of  the  plates  and  bars  caused 
in  some  cases  a  large  difference  between  the  calculated  and 
measured  values  of  the  resonant- frequency -temperature  cha¬ 
racteristic  of  the  quartz  resonators.  To  remove  the  discre¬ 
pancy  the  modification  of  Lee  and  Tong's  procedure  is  given 
in  this  paper. 


INCLUSION  OP  PIEZOELECTRIC  PROPERTIES  TO  THE  EQUATIONS  OF 
MOTION  FOR  SMALL  VIBRATIONS  SUPERPOSED  ON  THERMALLY - INDUCED 
DEFORMATION 

We  will  consider,  similarly  as  Lee  and  Tong,  three  states 
of  crystal : 

(1)  A  natural  state  when  the  crystal  is  at  rest,  free 

of  stress  and  strain,  has  a  uniform  temperature  r,  •  Let 
denotes  the  position  of  a  generic  material  point,  the 

mass  density,  C.  C.  ,  and  C.  ...  the  second, 

third,  and  fourth  order  elastic  stiffness  of  the  crystal. 

(2)  An  initial  state  when  the  crystal  is  now  subject 

to  a  steady  and  uniform  temperature  increase  from  to  r, 
and  is  allowed  to  expand  freely.  At  this  state,  the  positi¬ 
on  of  a  material  point  is  moved,  due  to  the  thermal  expan¬ 
sion  from  to  (y^  =  »  where  denotes  initial 

displacement. 

(3)  A  final  state  when  small -amplitude  vibrations  are 

superposed  on  thermally  induced  deformations.  The  position 
of  the  material  point  is  moved  from  y^  to  (u^  »  ) » 

where  is  the  incremental  displacement  due  to  vibrations. 

The  behaviour  of  the  crystal  in  the  initial  state  can 
be  described  by  the  same  set  of  equations  as  in  Lee  and 
Tong's  paper  (Eqs.(1)  to  (8)).  The  additional  stress 
appears  in  the  crystal  caused,  due  to  its  piezoelectric 
properties  by  the  changing  of  the  thermally- induced  defor¬ 
mation.  But  if  the  temperature  changes  very  slowly,  the 
additional  stress  will  be  very  small  and  in  the  steady  sta¬ 
te  diminished  (the  electrical  charges  which  caused  the 
additional  stress  reach  zero) . 

The  governing  equations  in  the  final  state  are  given 
as  follows: 

“  ^k  *  '‘k  “  *k  ■  *k  '  $■  =  tfr  ♦ 


RESONANT  FREQUENCY  TEMPERATURE  DEPENDENCE  OF  QUARTZ  (441J/129 


■  ’’ij*  ‘u  ■  J 

•  6  'fljf  .*  5 


I  *  ♦.  I  *  •>.  I ' 

J*  .  1  ^  j  *  ' 

^  s. 

*ti.j^u.»*  2  *?(,  2  *»i  Jkl^l  J.  f^ki  ■ 

•  Jf-  'fjlf  •fjkfj.f »  ■  “  <’> 

where  j  #  j  *  ^  total  displacement, 

strain,  stress,  traction  and  potential  respectively. 

The  Incremantal  strain  (#^j)»  stress  traction 

(p^  )  and  potential  ((p)  give  the  governing  equations  for  In¬ 
cremental  fields: 
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The  material  property -temperature  relation  can  be  ex¬ 
pressed  as  follows 


^Jki  “ 
C® 

l  Jk l an 


c®  =  c 

IJklanp^  ^Ijklanp^' 


i  >  a  4.  ,«(  t )  Q> 

*U  ®  *vj  ®  ' 


i3(V[442] 


J.  ZELENKA 


•Uk  'Uk®' 


JklB  *  *l Jkl«' 

•fj  ■  'u*  •III’*' 

where  af  ,  are  values  of  the  linear  thermal  expansion 
coefficient,  »®  and  denote  linear  and  quadratic 

piezoelectric  stress  tensor  components  and  s®j  and  cf 
the  components  of  the  tensor  of  linear  and  quadratic 
permitivities . 

The  plate  in  the  initial  state  is  at  rest  and  allowed 
free  expansion,  that  is 


r^j  .0,  a.  ^  0,  4)  ^  -  0.  (4) 

The  substitution  from  relations  (4)  into  (3)  gives  the 
incremental  strain -displacement  relations 

•ij  ■  2  "‘J.l*  “lA-J*  <’* 

the  stress- strain -temperature  relations 

‘u  •  '•rU*  Ml)** 


the  charge  equation  of  electrostatics 

'Jj*.  J.  ■ 

and  stress  equations  of  motion 
<‘u*  J  * 
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ip  can  be  expressed  from  Eq.  (7) 

“‘.Jt  "  Pf  J*  'vj..  • 

where  are  the  components  of  the  tensor  of  linear  Im- 
permeability. 

By  substituting  Eqs.  (6),  (10)  and  (11)  Into  Eq.  (8) 
we  obtained  the  Incremental  displacement  equations  of 
motion 


Ji  • 


where 


®Uli’  Sjll  Ppj'fU  ' 

®u’»i  =  “i.”  •  *  "Ol’l  * 

and  is  the  same  as  In  Lee  and  Yong's  paper. 


CONCLUSION 

The  piezoelectric  terms  In  Eqs.  (13)  are  necessary  to 
be  considered  only  when  the  guided  displacement  of  the 
vibrations  Is  coupled  to  the  electric  field. 
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Abstract  Piezoelectric  properties  of  the  solid  solution,  (l-jr)Pb 
(Zn|y3Nb2/3)03  •  X'  PbTi03  (PZN-PTlOOx  ),  synthesized  by  hot  isostatic 
pressing  (HIP),  are  intensively  studied  from  a  standpoint  of  aj^lications  to 
piezoelectric  actuator  materials.  Electromechanical  coupling  factors  and 
piezoelectric  strain  constants  are  repotted  on  the  perovskite-type  PZN-PT 
ceramics.  For  example,  coupling  (actors,  k^^^O. ASS  and  i:3|-0.148,  are 
obtained  for  PZN-PTO  (PZN)  ceramics.  The  data  ate  comparable  with  those  of 
the  single  crystal.  The  value  of  d^^  for  PZN-PT12  (HIP)  is  235x10*12 

INTRODUCTION 

Lead  niobate  relaxor  family  such  as  lead  magnesium  niobate,  Pb(Mg]^Nb2/3)03 
(PMN),  lead  zinc  niobate,  Pb(Zn|y3Nb2/3)03  (PZN)  or  lead  nickel  niobate, 
Pb(Ni|^3Nb2/3)03  (PNN),  give  growing  attractive  interest  for  electronic  an>lications 
such  as  piezoelectric  actuators  and  multilayer  ceramic  aqmcitorsl  >2.  Amrmg  the  family, 
PZN3,4  is  known  to  form  only  the  pytochlore  structure  when  sintered  as  ceramics  under 
atmospheric  pressure,  though  perovskite  PZN  single  crystal  with  high  piezoelectric 
activities  can  be  synthesized  by  a  PbO  flux  method^  A  Also  perovskite-structured  PZN- 
based  ceramics  can  be  stabUized  by  substituting  for  6~7  mol  %  BaTi03^  or  for  10  mol  % 
KNb03^.  Single  crystal  data  on  solid  solution^>^  of  PZN  and  lead  titanate,  PbTi03  (FT), 
^ows  remarkable  enhanced  dielectric  and  piezoelectric  properties  at  a  morphotropic 
idiase  boundary  (MPB)  with  10~12  mol%  FT  content.  Perovskite  PZN-PT  ceramics  of 
low  PT  content  including  the  MPB  composition,  however,  ate  difflcult  to  obtain  by  the 
usual  sintering  process  since  the  pyrochlore  formation  is  mainly  recognized  during 
caldnation  and  sintering  under  conventional  conditions. 

Recently,  we  reported^' a  two-step  process  for  fabricating  perovskite  PZN 
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ceramics.  The  Hist  step  is  to  calcine  the  mixture  of  component  oxides  with  the  pytochlore 
structure  by  the  usual  conditions.  Secondly,  the  pytochlore  PZN  is  converted  to  the 
perovskite  {diase  by  using  hot  isostatic  pressing  (HIP)  under  200  MPa  at  1  ISO  °C  for  1  h. 

In  this  paper,  we  utilize  the  two-step  process^*  for  fabricating  perovskite-type 
( i-x)Pb(Znj/3Nb2/3)03-xPbTi03  (PZN-PTiOOx  ]  solid  solution  ceramics. 
Piezoelectric  and  related  properties  of  the  PZN-PT  ceramics  are  discussed  as  compared 
with  the  results  of  the  single  crystal  data  and  the  conventional  method. 


EXPERIMENTAL 


Perovskite  PZN-PT  ceramics  were  fabricated  by  means  of  the  two-step  process, 
described  in  detail  elsewhere^*  1^.  The  first  step  is  the  formation  of  pyrochlore  PZN-PT 
powders  under  atmospheric  pressure  with  S  wt%  excess  PbO  by  the  conventional 
ceramic  technique  from  reagent-grade  starting  powders  of  PbO,  ZnO,  Nb205  and  Ti02. 
The  second  is  the  conversion-step  of  the  pyrochlore  PZN-PT  to  the  perovskite  PZN-PT 


by  applying  high  pressure  (1S0~200  MPa)  at  hi^  temperamre  (nS0~  1200  °C)  using  a 
commercial  HIP  (Kobe  Steel  Ltd.).  Conventional  firing  (CF)  ceramics  were  also 
prepared  for  comparisons  to  the  HIPped  samples. 

The  characterization  of  the  pyrodilore  to  perovskite  transformation  was  carried  out 
by  X-ray  powder  diffraction  (XRD).  The  ratio  of  the  perovskite  phase  to  pyrochlore 
phase  present  in  a  specimen  was  defined  as  the  ratio  of  the  respective  intensities,  /,  of 
the  main  peaks  in  X-ray  patterns  for  both  phases  as  follows. 

_  I  (1 10)  perovskite 


Perovskite  content  (%) 


/  (1 10)  perovskite  +  I  (222)  pyrochlore 
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Au-sputtering  was  used  as  electrodes  for  the  measurements  of  the  dielectric  and 
piezoelectric  properties.  Temperature  dependences  of  dielectric  constant.  Eg,  and  loss 
tangent,  tan5,  of  unpoled  samples  were  measured  at  10  kHz,  100  kHz  and  IMHz  by  a 
multi  frequency  LCR  meter  (YHP  42 75 A).  D-E  hysteresis  loops  were  observed  by  a 
standard  Sawyer-Tower  circuit  at  50  Hz. 

Specimens  for  piezoelectric  measurements  were  poled  at  25~50  **€  in  a  stirred 
silicone  oil  bath  by  applying  a  dc  electric  field  of  3  kV/mm  for5~10  minutes. 
Piezoelectric  properties  were  measured  by  the  resonance-antiresonance  method  on  the 
basis  of  IEEE  standards  using  an  impedance  analyzer  (YHP  4192A).  The 
electromechanical  coupling  factors,  A33  and  I31,  were  calculated  from  the  resonance 
and  the  antiresonance  frequencies  using  Onoe’s  formula. 


AND  DISCUSSION 


i 


I 


The  perovskite  phase  of  the  obtained  (l-.;dFb(Zn|/3Nb2/3)03-  X‘PbTi03  [PZN- 
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PTlOOij  system  was  conRnned  by  X-ray  diffraction  patterns.  Figure  1  shows  X-ray 
diffraction  patterns  for  (a)  perovskite  PZN-PT20  with  tetragonal  symmetry,  (b) 
perovskite  PZN-PTIO  with  riiombdiiedral  symmetry  and  (c)  pyrochlore  PZN-PTIO, 
respectively.  Figure  2  shows  the  effects  of  HIP  processing  on  the  perovskite  formation  in 
PZN-PT  system.  The  perovskite  content  of  the  HIP  treated  and  the  normal  sintered 
ceramics  are  evaluated  as  a  function  of  PT  content  wdiere  HIP  conditions  are  1 1S0''1200 
**0  and  200  MPa  for  1  h.  Addition  of  5  %  excess  PbO  enhanced  the  perovskite  contents 
of  PZN-PTIO  ceramics  to  almost  100  %  while  the  content  of  the  ceramics  without  excess 
PbO  was  82  %.  Excess  S  wt%  PbO  was  used  to  compensate  the  loss  for  the  evaporati<m 
of  PbO  during  sintering.  Figure  3  shows  the  unit  cell  parameters  of  the  PZN-PT  as  a 
function  of  PT  content.  The  morphotropic  phase  boundary  (MPB)  between  the 
rfaombohedral  region  of  PZN  side  and  the  tetragonal  region  of  PT  side  was  confirmed  to 
lie  around  12~13  mol%  PT  content.  This  composition  shifts  sli^tly  to  PT  side  as 
compared  with  that  of  the  single  crystal  data^*^.  The  lattice  constant,  a  -  4.06  A,  of 
PZN-PTO  (PZN)  presents  a  reasonable  agreement  with  the  result  of  the  single  ciystaH>7. 

Amount  of  the  perovskite  present  in  the  PZN  ceramics  after  the  post-hip  heating^ 
changed  from  96  %  without  heating  to  95  %,  92  %,  42  %  and  2  %  under  heat  treatment 
at  700,  800,  900  and  1000  “C,  respectively.  The  heating  treatment  converted  the 
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FIGURE  1  X-ray  diffraction  patterns  for  (a)  PZN-PT20(perovskito^etragonal), 

(b)  PZN-PTIO  (perovskiteAfaombohedral),  and  (c)  PZN-PTIO  (pyrochlore)  of  the 
(I-jO  Pb(Zn|/3Nb2^)03  -  xPbTiOj  [PZN-PTlOOx]. 
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FIGURE  2  Effects  of  the  HIP  on  the  FIGURE  3  Unit  cell  paiameteis  of  the 
perovskite  fonnation  in  the  PZN-PT  PZN-PT  solid  solution  as  a  function  of 
system  as  a  function  of  PT  content.  PT  content . 

perovskite  phase  to  the  pyrochlore  phase.  This  means  that  the  perovskite  phase  in  PZN 
ceramics  is  essentially  metastable. 

Figure  4  shows  temperature  dependence  of  dielectric  constant,  of  perovskite- 
type  (a)  PZN  (HIP)  and  (b)  PZN-PT12  (HIP)  and  PZN-PTIO  +MnCX>3  (3  wt%)  (CF). 
The  values  of  in  PZN  and  PZN-PT12  near  the  MPB  measured  at  1  MHz  is  about  800 
and  1420  at  room  temperature  and  reach  7110  and  10730  at  175  **€  and  222  "f  the 
respective  Curie  temperature,  Tq.  The  Tq  of  conventionally  fired  PZN-PT10+^i'iCO3 
(3  wt%)  with  5  wt%  excess  PbO  (CF)  is  173  ®C.  Single  crystal  data^*®  show  the  Tq  of 
PZN  and  PZN-PT12  are  140  ”C  and  192  ’’C,  respectively.  On  the  other  hand,  the  Tq  of 
the  high-pressure-synthesized  P21N^>^  was  188  **C  owing  to  Zn-rich  ratio  of  Zn/Nb  while 
it  was  estimated^  to  be  170  "C  for  stoichiometric  Zn/Nb  ratio  (=0.5).  The  higher  value  of 
Tq  in  the  high-pressure-synthesized  PZN  by  about  30  "C  compared  to  the  single  crystals 
data  seems  to  be  caused  not  only  by  a  slight  variation^>^  in  the  atomic  ratio  of  Zn/Nb  but 
also  by  an  internal  stress.  For  example^  a  pressure  effect  on  the  transition 
temperature,rc>  for  strontium  titanate,  SrTi03,  indicates  that  the  shift  of  Tq  to  higher 
temperatures  is  proportional  to  the  magnitude  of  applied  pressure  above  150  MPa. 

D-E  hysteresis  loops  could  be  easily  observed,  as  shown  in  Fig.  5.  For  example, 
the  loop  of  PZN-PT12  has  a  remanent  polarization,  P  f=16.9  pC/cm^  and  a  coercive 
field,  E  c=9.8  kV/cm.  Smaller  Pj  than  that  of  single  crystal  may  be  caused  by  the  lower 
density  ratio,  Po/Px>  theoretical  density  because  the  loop  has  no  saturation  owing 
to  the  breakdown. 

Table  1  summarizes  the  results  of  piezoelectric  and  related  measurements  of  PZN- 
PT  ceramics  prepared  by  HIPping.  The  electromedianical  coupling  factors,  ^33  and 
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FIGURE  4  Temperatufe  depeodence  of  dielectric  constant. 
Eg,  of  the  perovsldte-type  PZN-PT  ceramics. 


k^i,  in  the  longitudinal  expansion  and  the  transverse  modes,  of  P2LN  are  0.4SS  and 
0.148,  respectively.  The  values  are  almost  the  same  as  those  of  the  expected  values 
which  are  estimated  from  the  single  crystal  data.  Piezoelectric  strain  constants,  <1333155 
and  ^31  =49.4  xl0**2  c/N,  can  be  calculated  from  the  values  of  a  free  permittivity, 
e33'r/Eo=690  and  the  req)ective  coupling  factors.  Piezoelectric  constants,  and 

<hl  =135  xlO'^^  C/N  of  PZN-PT12  near  the  MPB  were  about  twice  higher  than  those  of 
CF  PZN-PTIO+Mn  (3  wt%)  with  excess  5  wt%  PbO.  However,  the  values  were  slightly 
lower  than  the  expected  values  fiom  the  single  crystal  data  because  of  the  lower  coupling 
factors. 


CONCLUSIONS 

The  two-step  pro  "ss  for  fabricating  the  perovskite-type  (l-x)Pb(Zn|^Nb2/3)03- 
x’PbTi03  [PZN-PTlOQx  ]  ceramics  was  developed  by  using  hot  isostatic  pressing 
(HIP)  under  150~200MPa  at  1150~1200**C  for  1  hour.  PZN-PTIO  ceramics  containing 
82%  perovskite  phase  were  obtained  without  excess  PbO.  Addition  of  5  %  excess  PbO 
enhanced  the  perovskite  contents  to  almost  100  %.  The  MPB  between  PZN  and  PT  solid 
solution  was  found  to  lie  die  cmnposititHi  between  12  mol%  and  14  mol%  PT  content 

Coupling  factors,  ^33=0.455  and  ^31=0.148,  of  the  perovskite-type  PZN  are 
comparable  with  those  of  the  single  crystal.  However,  the  composition  near  the  MPB, 
PZN-PT12  gave  slightly  lower  piezoelectric  constants,  <133=235  and  <f3j=135  x  10*^^ 
ON,  than  those  of  the  single  crystal  because  of  the  lower  coupling  factors. 
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FIGURE  5  D-E  hysteresis  loop  of 
PZN-PT12  ceramics  at  50  Hz. 
pC:  8.2  kV/cm/div,  Y:  9.5  nOcm^/div) 


TABLE  I  Piezoelectric  properties  of  the 
perovskite-type  (l-je)Pb(Zn|^Nb2/3)03 

-  X  •  PbTi03  [PZN-PTIOQ*  ]  ceramics. 


PZN 

PZN-PT12 

Curie  temperature 

Tc  CQ 

175 

222 

Dielectric  constant  at20'’C 

e33’*'/eo 

690 

1660 

Coupling  factor 

k  33  (%) 

45.5 

48.0 

*31 

14.8 

28.3 

Frequency  constant 

^  33  (Hz-m) 

1478 

1600 

iV3i 

1339 

1440 

Piezoelectric  constant 


^33  (10-12  C/N) 

155 

235 

49.4 

135 

S33  (10-3  V  m/N) 

25.3 

16.0 

^  31 

8.07 

9.18 

Elastic  compliance 

^33^  (10-12  m^/N) 

18.9 

16.3 

V  E 
^11 

18.3 

15.5 

Future  work  is  needed  to  obtain  the 
thermally  stable  PZN'PT  solid  solution 
with  the  MPB  composition.  Also,  the 
detailed  relation  between  the  Curie 
temperature,  Tq,  and  the  ratio  of  Zn/Nb 
to  Ti  should  be  investigated. 

The  authors  would  like  to  acknowl¬ 
edge  Mr.  T.  Kanegae  and  Mr.  S.  Matsuo 
for  their  experimental  efforts. 
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GIAHT  ELECTROSTRICTION  0?  RERROBLECTRICS  WITH  DIFFUSE 
PHASE  TRAHSITIOH  -  PHYSICS  AMD  APPLICATIONS 


V.V.Lemanov,  N.K.Yushln,  £«P. Smirnova,  A.V.Sotnikov, 
E«A« Tarakanov,  and  A. Yu. Maksimov 
Physical-Technical  Institute,  194021  St.  Petersburg, 
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Abstract  Giant  Electrostriction  (GE)  of  disordered 
ferroelectrlcs  such  as  Ferroelectrlcs  with  Diffuse 
Phase  Transition  (FDPT)  is  noteworthy  for  application 
and  basic  researches.  We  present  experimental  data  on 
the  electrostrictive  strain  in  FDPT.  The  description 
of  the  peculiarities  of  the  electrostrictive  strain 
is  given.  Some  possible  applications  of  the  materials 
with  GE  are  reviewed. 


INTRODUCTION 

Electrostriction  means  the  appearence  of  the  strain  of  the 
sample  under  action  of  an  external  electric  field,  the 
strain  being  proportional  to  the  field  squared.  This  ef¬ 
fect  is  observed  in  all  solids  including  centrosymmetrlc 
ones  in  contrast  to  piezoelectric  effect  which  exists  only 
in  noncentrosymmetrlc  czystals,  the  piezoelectric  strain 
being  linear  function  of  the  field.  For  linear  dLelec trios 
the  electrostrictive  strain  has  value  of  10~^  for  the 
field  E  about  10  kV/cm.  The  electrostrictive  strain  is 
described  by 

S  «  Q-P^,  (1) 

where  P  is  the  electric  polarization  of  the  sample,  Q  is 
electrostrictive  coefficients.  Since  P  ■>  XB  (here  X 
the  dielectric  permittivity)  the  electrostrictive  strain 
S  grows  due  to  Increasing  X  the  ferroelectric  phase 

transition.  In  FDPT  for  a  wide  temperature  interval  the 
strain  can  achieve  the  value  of  0.1  %  for  the  field  E 
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about  10  kV/om«In  addition  to  the  large  value  the  strain 
in  FDFT  is  characterized  by  a  very  slin  electroaechanical 
hysteresis  loop  S(£).  Therefore  we  can  speak  about  G£  in 
such  materials. Cross  et  al^  have  been  the  first  to  pro> 
pose  to  use  the  6£  for  practical  devices. 

The  aim  of  this  report  is  to  present  the  data  on  G£ 
strain  and  to  discuss  possible  technical  applications  of 
these  materials. 

EXPERIMENTS  ON  THE  ELECTROSTRICTION  IN  PBRROELBCTRICS 

wiftr  BifgusB  WJBB  Bmrsimg - 


The  most  part  of  the  experiments  on  the  6£  was  performed 
for  the  lead  magnesium  niobate»  FbMg^^^Nb2y30^  (PMN),and 
its  solid  solutions. 

The  temperature  dependences  of  S(£,T),  H(T),  and  re¬ 
sidual  strain  S^are  shown  in  Pig. 1  for  FMN-PSN  solid  so¬ 
lution  (PSN  «  PbSc^^2^1/2®3^*  **  ^^®  *^® 

electromechanical  hysteresis  introduced  by  Uchlno^.  One 
can  see  the  wide  temperature  interval  of  coexistence  of 
the  large  strain  S(E)  and  the  small  hysteresis  H  along 
with  the  negligible  residual  strain  S^.When  the  tempera¬ 
ture  goes  down  parameter  H  becomes  as  large  as  in  piezo- 
ceramics. 

It  is  very  important  to  note  that  the  experimental 
S(P  }  dependence  shows  a  complicated  shape only  for 

2 

small  P  and  high  T  the  strain  S  being  proportional  to  P 
(see  Pig. 2).  The  S(P)  dependence  can  be  described  by  poly- 
nom: 

Q^*p2+Q^P^+QjP^  , 


S(P) 


(2) 


where  Q2  and  are  the  forth  cmd  the  sixth  order  nonline 
ar  coefficients, respectively.  Since  S(P)  is  even  function 
of  P  (the  strain  is  not  changed  when  the  field  is  in- 
versed),  only  even  powers  of  P  have  been  taken  into  ac¬ 
count  in  Eq.  (2).  It  should  be  noted  that  the  nonlinear 
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coefflcienta  Q2  and  becoae  negligible  for  the  teaper- 
aturee  higher  than  the  mean  Curie  temperature  \  ^  * 

25  C  for  this  PMR-PSV  solid  solution  It  meems  that  for 
these  temperatures  Eq.  (1)  is  practically  valid. 


mSICAL  MODELS  OP  GIAKT  ELECTROSTRICTIOH 

PDPT  were  discovered  about  thirty  years  ago^*^.  Here  we 
omit  the  discussion  of  physical  models  of  FDPT  to  refer 
to  Refs.^”^^. 

On  the  basis  of  these  models  we  propose  that  the  elec- 
trostrictive  strain  is  due  to  pure  electrostriction  of  the 
disordered  matrix  and  the  structurely  ordered  microregions 
the  reversible  changes  of  polar  clusters  consisting 
of  groups  of  strongly  correlated  polar  microregions »  the 
spontaneous  strain  induced  by  phase  transitions  in  the 
ordered  micro regions *  and  the  rearrangement  of  ferroelec¬ 
tric  domains  appearing  in  homogeniously  ferroelectric 
ordered  structure  which  can  be  created  by  field  cooling. 
These  types  of  the  strain  give  various  contributions  to 
the  total  effect  for  different  temperature  Intervals 

As  far  as  the  nonlinear  dependence  S(F^)  is  concerned, 
it  could  be  explained  as  follows.  In  the  experiment  only 
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values  of  P  averaged  over  the  sanple  ceui  be  measured  , 
but  the  total  strain  is  the  sum  of  the  local  strains,  each 
of  them  being  proportional  to  the  local  electrostrictive 
constant  by  the  local  polarization  squared  (according  to 
Eq.  1),  It  is  clear  that  the  total  strain  <S>  is  not 
equal  to  the  average  electrostrictive  coefficient  <Q>  by 
square  of  the  average  polarization  <P>  ,  l.e.  ^S>  »<Q*P^>^ 
It  should  be  pointed  that  the  nonlinear  coupling 
between  <P>  and  E  is  the  reason  of  the  nonlinearity  of 
S(E^) 

ELECTROSTRICTIVE  DEVICES 


The  applications  of  the  materials  with  GE  Include  mainly 
actuators  for  deformable  mirrors  for  adaptive  optics  and 
lasers,  precise  displacement  mlcropositioners  for  scan¬ 
ning  microscopy  and  lithography,  linear  and  rotational 
motors  for  machine  tools  and  electric  contact  systems, 
Impact  devices  for  a  printing  head  matrix,  etc.^^ 

The  electrostrictive  actuators  are  widely  used  in  var¬ 
ious  devices.  We  have  studied  static  and  dynamic  characte¬ 
ristics  of  different  types  of  actuators.  The  stack-type 
actuators  provide  displacements  up  to  1CX)^m  under  the 
control  voltage  800  V,  loads  up  to  1000  kgf,  the  hystere¬ 
sis  less  than  2  %,  a  time  response  shorter  than  1  msec, 
and  no  residue^,  strain.  As  far  as  the  thickness  of  the 
layers  is  concerned,  the  compromise  must  be  found  between 
lowering  of  the  driving  voltage  and  increasing  of  the 
electric  capacity  of  the  actuators.  The  bimorphous  emd 
multimorphous  actuators  give  chance  to  obtain  displace¬ 
ments  to  several  hundreds  /Aa,  but  with  a  noteceable 
hysteresis,  worse  time  responces,  less  loads. 

The  linear  motor  involves  a  number  of  electrostrictive 
stack  actuators  which  sequential  elongations/restoratlons 
give  a  step-by-step  motion  in  accordance  with  the  control 
electric  pulses  replied  to  these  actuators.  The  pass  dis- 
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tance  of  the  motor  Is  to  several  cm  with  accuracy  of  the 
Installation  about  1  yam  (it  is  possible  to  use  an  additi¬ 
onal  actuator  for  precise  correction) ,  the  step  frequency 
is  up  to  30  Hz,  the  loads  are  up  to  100  kgf,  the  velocity 
ia  up  to  0.5  mm  per  min. 

The  goniometric  devices  with  the  electrostrictive 

actuators  were  proposed  for  driving  systems  and  axigular 

measurement  systems  adopted  for  coaxial  mounting.  Absolute 

o  o 

accuracy  of  angular  measurements  in  0  ...360  range  is  de¬ 
fined  by  the  accuracy  of  the  angular  sensor,  while  the 
minimum  linear  step  is  not  more  than  0.01^  m,  the  maximum 
rotation  speed  is  40  deg.  per  min.  on  30  cm  diameter  base. 

Another  valuable  application  of  GE  ceramics  is  in  de¬ 
formable  adaptive  monolithic  mirrors.  Por  such  mirrors  it 
is  very  important  to  have  no  residual  strain  after  switch- 
off  the  driving  voltage  because  it  is  difficult  to  use 
any  feed-back  electronics  to  suppress  the  hysteresis  phe¬ 
nomena.  There  are  two  typos  of  these  mirrors.  In  the  mir¬ 
rors  with  Integrated  electrodes  the  mirror  surface  is 
changed  as.  a  whole. Por  example  the  Pig.  3  shows  the  chazige 
of  the  focus  distance  R  of  the  mirror  with  uniform 
electrode^  as  a  function  of  the  voltage.  In  the  mirror 

with  N  separate  electrodes 
one  can  control  the  local 
position  of  the  mirror  sur¬ 
face  beneath  the  electrode 
applying  the  driving  voltage 
to  it.  The  32  mm  diameter 
mirror  with  97  electrodes 
has  provided  the  local  displa¬ 
cement  up  to  4yiAm  for  the 
voltage  less  than  600  V  and 
no  mechanical  resonance  up 

to  10  kHz. 

The  electrostrictive  ceramic  precise  mlcromanlpulators 
can  be  used  in  the  tip  of  scazming  tunneling  microscopes. 


vs  voltage  V  for  the 
60  mm  mirror. 
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The  hysteresis-free  motion  of  the  needle  Increases  the 
resolution  of  the  devices*  We  have  a  success  in  using 
Pin-PSH  ceramics  in  the  manipulator  of  the  microscope 
which  can  resolve  the  carbon  atoms  on  the  graphite  sur¬ 
face. 

The  main  advantages  of  the  electrostrlctive  devices 
in  comparison  with  plezoceramlc  ones  are  smaller  electro¬ 
mechanical  hysteresis,  higher  temperature  and  temporal 
stabilities  and  absence  of  aging.  Using  materials  with 
GE  in  all  tipeu  of  the  mlcrodisplacement  devices  allowes 
to  shorten  response  times  of  the  system,  to  simplify  the 
control  electronics,  to  avoid  the  deterioration  in  the 
characteristics  after  high- temperature  heating  and  during 
the  operation. 
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Abstract  The  stress  patterns— two  shears  and  one  direct  stress— that  are  maximally  coiqded 
to  the  electric  field  in  piezoelectric  ceramics  are  identified.  This  is  achieved  by  a  sunplif^ng 
initial  choice  of  coordinate  axes  in  the  ceramic’s  thennodynamic  phase  space  and  by  a 
subsequent  sequence  of  ekmentary  coordinate  changes— rotations  and  scale  changes;  siiiqtle 
physk^  arguments  lead  to  the  new  coordinates.  The  utility  of  this  perspective  is  pointed  out  in 
two  important  applications  of  piezoceramics  in  acoustic  transducers:  naval  hydrophotK  sensors 
and  pulW-echo  ultrasonic  transducers  used  in  medical  diagnneiic  imaging. 


INTRODUCTION 

Mote  than  three  decades  ago,  Baerwaid*'^  presented  an  incisive  analysis  of  electromechanical  coiqtling 
in  piezoelectric  materials.  Baerwald’s  essential  point  was  that  in  all  piezoelectric  materials  there  are 
three  stress  patterns  which  couple  to  the  electric  field— called  inezoelectricaUy  ’live’ — and  three  stress 
combiiutions  which  only  have  an  elastic  effect— called  piezoelectrically  ‘dead’.  Despite  the 
considerable  use  of  piezoelectric  ceramics  in  applications,  only  modest  attention  has  been  paid  to  this 
insight  perhaps  because  the  analysis  was  presented  in  a  mathematical  language  of  symmetry  group 
invariants  not  commonly  spoken  by  scientists  and  migineers  concerned  with  practical  applications  of 
piezoelectric  ceramics.  While  isolating  the  maximally  coupled  stress  patterns  is  quite  co^ex  for  an 
arbitrvy  piezoelectric  material  of  low  symmetry,  the  hi^  symmetry — axial  •om — of  piezoelectric 
ceramics  allows  one  to  proceed  using  elementary  mathematical  methods. 

In  the  next  section  the  constitutive  matrix  for  a  piezoceramic  is  explicitly  reduced  to  a  standardized 
form  by  elementary  rotations  and  coordinate  scale  changes.  This  process  yidds  the  desired  maximally 
coupled  stress  patterns.  The  concluding  section  presents  examples  involving  the  conventional 
piezoelectric  ceramic  PZT3H.  First  we  point  out  idiat  limits  its  performance  in  hydrostatic  and  pulse- 
echo  applications,  and  then  show  how  structures  have  been  dedgned  using  PZT^  which  overcome 
these  limitations  sad  provide  excellent  electromechanical  coiqtling  in  both  naval  hydrophone  sensors 
and  pulse-echo  ultrasonic  transducers. 


ELECTROMECHANICAL  COUPLING  IN  PIEZOELECTRIC  CERAMICS 

As  formed,  piezoelectrk;  ceramics  are  macroscopically  isotrofnc,  nonpolar  materials;  thdr  microscopic 
polar  regions  point  in  random  directions.  A  macroscopic  polarization  is  produced  by  applying  a 
strong  electric  field  to  orient  the  microscopic  polarizatim  preferentially  along  a  fixed  diction  in 
space — the  direction  of  the  ptding  electric  fiekL  Perpendicular  to  this  poling  axis,  even  the  poled 
ceramic  is  macroscopically  isotro|HC.  The  piezoceramic’s  Mm  macroscopic  symmetry  si.nplifies 
consider^^y  cataloging  its  properties5^  The  conventional  choice  is  to  align  the  ’z-axis’  or  ‘3-axis’  of 
the  coordinate  ^stem  along  the  ceramw’s  polar  axis,  thereby  expkntirig  the  symmetry  in  physical 
space  to  minimize  die  number  of  indepimdent  nuderial  parameters.  For  the  thermodynamic 
coordinates,  the  most  natural  choice  is  the  extensive  thermodynamic  parameters— the  components  of 
the  stress,  T/,  and  electric  field,  £«.  Using  these  cootdinmes,  we  can  expand  the  internal  energy,  U.  as. 
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U  =  ~  Z  ejft  £y.  (1) 

*  /,/>IJ  ^  <  J-»4 

where  is  the  elastic  compliance,  are  the  piezoelecthc  coefficients,  and  e,^  is  the  dielectric 
permittivity.  The  abbreviated  matrix  notation  is  us^  to  index  the  six  components  of  the  stress  tensor 
with  one  index.  The  elastic,  dielectric  and  piezoelectric  properties  are  usually  summarized  in  a  9x9 
constitutive  matrix  shown  in  ffigure  lA.  This  choice  of  coordinates — based  on  the  ceramic’s 
symmetry  in  physical  qtace — yields  a  constitutive  matrix  populated  mostly  by  zeros.  The  thrust  of 
this  section  is  to  show  how  this  matrix  can  be  simplified  even  futher  by  changes  in  the  coordinates, 
and  therd>y  provide  insight  into  the  fundamental  dectromechanical  coupling.  The  first  stq>  is  to 
rearrange  tte  order  of  the  coordirutes  to  produce  the  matrix  shown  in  Figure  IB.  This  makes  evident 
that;  first,  the  shear  in  the  horizontal  plm,  T*,  has  no  electrical  interaction — it  produces  no  electric 
response  and  no  electric  field  can  produce  such  a  shear;  second,  the  vertical  ifiane  shears,  and  Ti, 
couifie  to  electric  fields  in  the  horizontal  plane,  £i  and  £t,  which  lie  in  the  plane  of  the  respective 
she^;  and  third,  the  direct  stresses,  Ti,  Tj,  and  Ti,  couple  to  a  vertical  electric  field,  £>. 

An  instructive  digression  at  this  point  is  to  rescale  the  lengths  of  the  coordituttes,  namely,  set 
fi  =(!tS)^Ti,  and  it  =l£a)'*Ei,  yielffing  the  matrix  shown  in  Figure  1C,  containing  one’s  along  the 
diagonals,  the  Poisson’s  ratios,  ofi  =  -rf2/rfi  and  oj^  =  -rf2/(rf)  and  the  electromechanical 
coupling  constants,  =  duKsfi  e£)'‘*,  =  d^y/isfi  ti)\  and  ku  =  d^HsjU  efi)^.  Normalizing  out  the 

elastic  and  dielectric  response  of  the  medium,  reveals  that  the  electromechanical  coupling  factors 
measure  the  true  strength  of  the  {Mezoelectric  interaction. 

The  ceramic’s  isotropy  perpendicular  to  the  polar  axis  helps  us  isolate  the  one  direct  elastic 
deformation  that  cou|fies  to  £3.  Namely,  both  the  stresses  Tj  arid  Tj  produce  die  same  electric  effect, 
if  one  has  an  opposite  sign  to  the  other,  they  just  cancel  out,  producing  no  electric  effect.  Thus  we 
choose  new  axes  in  the  Ti-Tj  plane  rotat^  by  45*’,  defining,  for  the  uncoupled  comdinate. 
To  =  (T,-Tj)/2''*,  and  for  the  coupled  planar  coordinate,  T,  =  <Ti+T^\  to  yield  the  constitutive  matrix 
given  in  Figure  ID.  This  is  nor  a  rotation  in  physical  space;  £|  and  £3  do  not  change;  the  rotation  is 
carried  out  in  the  thermodynamic  phase  space  of  the  system.  The  resulting  constitutive  matrix  makes 
clear  tirat  only  the  isotropic  component  of  the  planar  stress  has  an  electric  '‘/'^ect,  the  anisotropic 
component  pr^uces  an  elastic  deformation  only.  Normalizing  the  coordinates,  i  0  =  (rfi-r  fi)*To,  ®tld 
fp  casts  the  constiuitive  matrix  into  the  form  shown  in  Figure  IE.  This 

renormalization  brings  out  two  important  material  parameters:  the  planar  Poisson’s  ratio. 
Op  =  oi^V2/(l-oft),  and  the  planar  electromechanical  coupling  fKtor,  =  k,W2/(l-o&. 

In  typical  piezoelectric  ceramics,  the  sign  of  k,  and  (33  are  opposite,  so  an  appropriately  weighted  sum 
of  an  isotropic  planar  stress,  T,,  and  axial  stress,  Ty,  will  cancel  each  oUier  out  and  produce  no 
electric  effect  The  reverse  combination  of  a  planar  stress  with  sign  qjposite  to  the  axial  stress  then 
provides  the  maximal  coupling  to  £3.  This  comdinate  change  can  be  done  in  three  steps.  l%st,  rotate 
by  45°  in  the  tf-ty  plane.  This  produces  a  constitutive  matrix  with  a  zero  in  the  place  of  o‘,  but 
changes  the  diagonal  elements  finm  one.  Next,  renormalize  the  diagonal  dements  to  one,  making  a 
total  coordinate  change  to  and  f.  =  Finally,  rotate  by  a, 

where  tana  =  [(*^  +  kjy)/(kyi  -  i^)]I(l  +  o^(l  -  and  reverse  the  sense  of  the  maximal  axis  (to 
conform  to  convention),  to  yield  the  final  axes,  t,  =  f,cosa  f.sina,  and  f„  =  f,siiia  - /.cosa. 
This  produces  the  final  constitutive  matrix  shown  in  ffigure  IF,  where  the  maximal  coupling  factm’, 
kii  =  [(Ai,*  +  *33*  +  2o/A^*33V(1  -  o'*)!**,  links  and  £3. 

Thus,  we  have  an  explicit  route  to  construct  the  three  maximal  coupling  stress  pattons  in  a 
piezoelectric  ceramic.  These  ate  the  two  vertical  plane  shears,  r«  and  Ty,  which  couple  to  the 
horizontal  electric  fields,  £2  and  £1,  respectively,  with  strength  k|s=Avi=A,2=kM,  and 
fm  =  ikp/kiy)yls^i+s^i  Tf+(ky]/kiy)'^  Ty  which  couples  to  the  vertical  field,  £3,  with  strength  kty.  Other 
stress  patterns,  the  horizontal  shear,  Tt,  the  anisotropic  horizontal  direct  stress,  To=(Ti~T^^,  and 
t„  =  ((*33+0/^ )/V l-o/^*i3]  V*ii  +f T,-[(o/*33+4)/Vl-o/*Ai3jVr5’T3  —  all  these  three  have  an  elastic 
eflect  only.  Any  arbitrary  stress  pattern  has  an  electric  effect  only  to  the  extent  that  it  overlaps  the 
maximally  coupled  stresses.  Such  a  general  stress  will  have  a  lessened  electromechanical  coupling 
coefficient  to  the  extent  that  mechanical  energy  is  wasted  in  its  purely  elastic  components. 
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A.  CONVENTIONAL  FORM 
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E.  NORMALIZE  ROTATED  COORDINATES 
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FIGURE  1.  Reduction  of  the  constitutive  nuurix  to  •  standardized  fonn  by  a  succession  of  coordinate 
transformations.  In  each  step  the  coordinates  ate  eiven  as  a  row  vector,  then  the  constitutive  matrix;  a  dot 
denotes  a  zero  matrix  element  and  s|j  =  2(sf|  -r^).  (A)  The  conventional  form  of  die  constitutive  matrix. 
(B)  Coordinates  listed  in  a  new  order  to  make  expUcit  the  decoupling  of  the  shear  and  direct  components  of 
stress.  (C)  Coordinates  normalized  to  show  the  significance  of  coiq>ling  coefficients.  (D)  Unnormalized  coor¬ 
dinates  rotated  by  45°  in  the  7,-72  to  uncouple  the  anitsymmetric  plarur  stress  from  the  symmetric  planar 
stress  arxl  axial  stress  that  couple  to  £3.  (E)  Normalized  rotated  coordinates.  (F)  Transformation  to  final 
coordinates  and  final  renormalization:  the  maximal  stress,  whidt  couples  to  £3  is  isolated  exjdkitly. 
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EXAMPLES 

To  make  conoeie  ifaeae  rather  abaimct  coordinate  changes,  this  sectioa  considos  a  specific 
piezoelectric  cetimic,  Vemitron's  PZTSHf  whose  properties  are  listed  in  Table  I.  This  mttenal  is 
typical  of  the  lead  zirconate  cesamics;  in  psf^ular.  all  the  primary  coupling  factors  have 

magnitudes  greater  than  6S%  and  Call  in  the  sequence.  ki,skn>  >  14,1. 

Figure  2  illustrates  the  final  coordinate  change  in  the  T,-T»  plane  to  the  new  axes,  a  stress  pattern 
having  no  piezoelectric  coupling,  and  the  stress  pattern  having  the  strongest  electromechanical 
cou{fiing  factor,  k,i,  linking  it  to  the  electric  field  almg  the  polar  axis,  £3.  Both  T3  and  7,  have 
appreciable  overlap  with  7.  and,  consequently,  have  elecliomechanical  coining  factors,  433  and  k,, 
respectively,  whose  magnitudes  are  substantial. 

A  hydrostatic  stress  pattern,  Ti-Tt=Ti,  lies  along  the  axis  labeled  7^  in  Figure  2.  This  axis  is  nearly 
coUinem^  with  the  uncoupled  7.  axis  having  only  a  modest  overlig)  with  the  maximally  coupled  stress 
pattern.  7..  This  is  reflected  in  the  fact  diat  die  hydrostatic  coupling  constant,  4*.  in  this  material  is 
nearly  zero;  lead  zirconate  titanate  ceramics  are,  by  themselves,  not  very  effective  transducers  for 
hydiwtatic  pressures. 

The  other  direction  depicted  in  Figure  2,  labeled  7,,  correqmnds  to  the  stress  pattern  in  the  ceramic  in 
pulse-echo  ultrasonic  transducers  where  thin  plates  are  used  near  their  thicloiess-inode  resonance  to 
generate  or  detect  high  firequency  sound  waves.  The  plate’s  thickness  dimension  lies  near  the  acoustic 
wavelength,  while  the  plate’s  lateral  dimensions  are  much  larger  than  that  wavelength.  Because  of 
this  large  lateral  dimension  the  plate’s  lateral  motion  is  effectively  inertially  clamped,  namely,  in  one 
acoustic  cycle  the  plate  simply  does  not  have  time  to  expaiid  or  contract  laterally.  In  such 
transducers,  the  incoming  pressure  wave,  an  ^lied  stress  73.  causes  the  plate  to  oscillate  in  its 
thickness  direction.  The  lateral  inertial  clamping  results  in  an  oscillating  internal  stress,  7,,  in  the 
plane  perpendicular  which  is  in  phase  with  the  applied  Tt.  The  ceramic  experiences  both  the  applied 
and  internal  stress,  so  7,  has  components  along  both  Tj  and  7,.  The  precise  magnitude  of  the 
internally  generated  stresses  in  the  plane  of  the  plate  dqiends  on  the  electrical  boundary  conditions;  in 
Figure  2,  7,  corresponds  to  the  q;)en  circuit,  03=0,  case,  in  which 
7,=73=-(rf3 -J3i</33/ESy(*fi +ff3-2d?i/€£)73.  The  electromechanical  coupling  factor  for  the 
thickness  mode  oscillation  is  appreciable,  approximately  50%,  but  still  has  room  for  improvement. 


FIGURE  2.  The  7,-73  plane  for  rZlSH  piezoceranuc  drawing:  (a)  the  7.  axis  that  represents  the  stress 
pattern  with  maximal  electromechanical  coupling;  (b)  the  7,  axis  that  leptesents  a  sttess  pattern  with  no 
electromechanical  coupling;  (c)  the  7*  axis  that  conesponds  to  die  hydrostatic  stress  pattern;  and  (d)  the  7, 
axis  that  corresponds  to  the  stress  pattern  for  thickness-mode  oscillations  in  a  plate  with  open  circuit 
electrical  boundary  conditions. 
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TABLE  I.  PZTSH  Muerial  Pmneieis* 


rf,  (10-*»«^W) 
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FIGURE  3.  Cut  away  dqnciicn  a  mmialure  compoaite  hydrophone  aenaor  conaiatins  of  a  piezocarmic 
diak,  electioded  on  ita  facea  and  poled  dnough  ita  thktawiaa,  aandwkhed  between  two  aiched  metal  dialn. 
When  aubject  to  a  compwaaive  hydroatatic  atreaa  die  nMal  diaks  not  only  compreM  the  cennnic  where  diey 
toudi  it  on  its  lim,  but  also  push  radially  outward  on  die  ceramic  disk. 


To  fully  cjqiloit  lead  zirconate  dtanates  ceramics  in  hydropooe  transducers,  structures  have  been 
devised  to  redirect  the  hydrostatic  stress.  Figure  3  illustrates  a  recent  innovation^'*  that  incorporates 
the  principle  of  iiucroscopic  flextensional  transducers — devised  for  high  power  actuators — imo  small 
hydrophone  senstxs.  In  this  design,  the  metal  disks  transform  the  vertical.  Tj,  component  of  an 
extenud  hydrostatic  compressive  stress  into  an  tensile  isotropic  planar  stress  tlutt  overwhelms  the 
external  compressive  isotropic  planar  stress.  T^.  The  na  stress  on  the  piezoceramic  disk  is  then  a 
compressive  Tt  transmitted  direcdy  to  the  rim  of  the  disk,  plus  a  tensile  acting  throughout  the  disk. 
Since  the  coupling  factors,  and  k,,  have  opposite  signs,  the  electrodes  on  the  disk  faces  sum  in 
unison  the  chiuge  from  these  two  opposite  stresses— one  conqtressive,  the  other  imisile.  hforeover, 
the  electrical  response  is  indeed  appreciable  siiice  bodi  coupling  factors  ate  large  in  magnitude. 

To  enhance  the  performance  of  lead  zirconaie  titanates  in  pulse-echo  applications,  composite  materials 
have  been  devised  which  combine  the  piezoceramic  with  a  passive  polymer.  Hgure  4  illustrates  a  1-3 
or  tod  piezocomposite  material  design  that  has  seen  practical  commercial  applicttion’'''’  in  the 
ultrastmic  transducers  used  in  medical  diagnostic  imagiRg.  In  the  rod  piezocomposite  plates  the  thin 
rods  can  erqiand  or  contract  laterally  at  the  expense  oi  the  surrouixling  softer  polymer  even  though  the 
plate  as  a  whole  is  laterally  clamped.  The  resulting  thkkness-mode  coupling  constant  of  the  composite 
exceeds  that  of  its  constituent  ceramic,  ranging  up  to  nearly  the  ceramic’s  k„.  The  resulting  increased 
bandwidth  and  higher  sensitivity  are  importam  advantages  for  pulse-echo  transducers  used  in  medical 
diagnostics. 
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FIGURE  4.  Schenutic  representation  of  a  1-3  or  rod  piezoelectric  oompoaiie  plate,  consittinc  of  long  thin 
piezocerainic  rods,  poled  along  their  axis,  held  parallel  to  each  other  and  peipendicular  to  the  faces  of  the 
plate  by  a  piezoelectrically  passive  polymer.  TIk  soft  polymer  allows  the  piezoceramic  rods  to  expand  and 
contract  laterally  when  the  plate  is  used  near  its  thickness-mode  resonance,  thereby  yielding  m  enhanced 
thickness-mode  electromechanical  coupling  factor. 


CONCLUSIONS 

The  explicit  identification  of  the  stress  pattems  that  provide  maximal  electromechanical  coupling  in 
piezoel^tric  ceramics  provides  insights  into  how  these  materials  have  been  used  eHectively  in 
hydrostatic  sensors  for  naval  hydrophones  and  in  pulse-echo  transducers  for  medical  diagnostic 
imaging.  Moreover,  this  perspective  can  guide  our  thinking  in  fruitfully  expltnting  piezoelectric 
ceramics  in  future  acoustic  tranklucer  triplications. 
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EFFECTS  OF  DOPANT  Nb**  ON  LEAD  ZIRCONATE-TITANATE 
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Abstract  Impurity  effects  of  Nb**  dopants  were  Investigated  on  optimum 
calcination  temperatures  and  grain  growth  in  sintering  process.  As  the 
amount  of  Nb"*  dopant  increased,  optimum  calcination  temperatures 
increased.  Grain  sizes  in  sintered  ceramics  decreased  in  Inverse 
proportion  to  the  amount  of  Nb**.  Experimental  results  were  expressed  in 
terms  of  the  volume  ratio  between  grain  boundary  region  and  grain. 
Thickness  of  grain  boundary  region  is  estimated  to  be  about  40  A,  that 
corresponds  to  about  10  lattice  layer. 


1.  INTRODUCTION 

Lead  Zirconate-Titanate  (PZT)  with  composition  near  the  morphotropic  phase 
boundary  are  important  ferroelectric  ceramics,  which  are  widely  used  for 
piezoelectric  devices.'’  Defect  structures  in  PZT  have  been  reported  upon  the 
effects  on  electrical  properties  and  sintering  kinetics.^'’’  Several  workers  reported 
electrical  resistivities  for  PZT  ceramics  containing  various  metal  oxides  as 
dopants.*’*'*'^  Gerson  and  Jaffa*’  proposed  that  the  p-type  electrical  conduction  in 
PZT  resulted  from  vacancies  on  the  lead  sites,  which  were  caused  by  partial  loss 
of  lead  during  sintering  process.  In  this  report,  the  effects  of  Nb**  dopant  have 
been  investigated  on  the  synthesis  of  the  perovoskite  structure  during  the 
calcination  process  and  grain  growth  during  the  sintering  process. 


2.  EXPERIMENTAL  PROCEDURE 

Tbe  reagent  grades  of  PbO,  TiO,,  ZrO,  and  NbgO,  were  used  as  raw  materials. 
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Starting  matarials,  in  proper  ratios  corresponding  to  the  compositions  near  the 
morphotopic  phase  boundary,  were  mixed  in  a  baii  miii  with  water  for  20  hours  by 
using  nylon  balls  as  grinding  media.  The  dry  powders  were  press-formed  into 
pellets  of  about  3  mm  thick  and  20  mm  in  diameter  at  1  ton  per  cm’.  After 
calcining,  the  samples  were  milled  in  water  and  dried.  The  dry  powders  were 
again  press-formed  into  pellets  of  about  3  mm  thick  and  20  mm  in  diameter  at  1 
ton  per  cm’.  All  sintering  runs  were  conducted  at  a  constant  heating  rate  of 
300”C/h  to  the  sintering  temperature  of  1280”C.  Sampies  were  held  for  3  hours  at 
the  sintering  temperature  and  were  cooled  at  the  natural  rate  of  the  furnace.  The 
high  vapour  pressure  of  PbO  made  it  necessary  to  use  multiphase  pellets,  lead 
zirconate-titanate  plus  SO  mol%  PbO,  to  keep  a  PbO  atmospheres  during  the 
sintering  process.*  '’'^'*.  Sampies  were  always  sintered  with  the  multiphase  pellets 
in  the  container  to  maintain  the  PbO  vapor  pressure  for  the  samples.  Grain  sizes 
on  the  ceramics  were  observed  with  Scanning  Electron  Microscope  (SEM). 


3.  RESULTS  AND  DiSCUSSiON 

Although  it  has  been  discovered  that  the  fabrication  process  determines  the 
electrical  properties,’”  phenomena  involved  in  the  process  of  calcination  have 
not  been  fully  understood.  It  is  necessary  to  distribute  ur’T^rmiy  elements  of  the 
composition  in  this  process.  Figure  1  shows  the  relation  between  the  calcination 
time  and  changes  in  the  rate  of  the  pellet’s  diameters  with  Nb*^  concentration 


FIGURE  1  Relation  between  calcination  time  and  changes  of  pellet’s 
diameters  in  the  case  of  calcination  at  SOCC. 
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in  th«  caM  of  tho  calcination  at  800*C.  Diameters  changed  with  amounts  of  Nb** 
dopant,  but  those  did  not  change  so  much  in  the  time  region  over  10  hours.  This 
shows  that  most  of  the  raw  materiais  are  reacted  with  a  short  time.  Rgure  2 
shows  the  X<ray  diffraction  patterns  of  powders  calcined  at  7S0*C,  780*C  and 
800'*C  for  20  hours.  Figures  2(a)  and  (b)  show  that  calcination  powders  consist 
of  the  tetragonal  phase  (PbTiO,)  and  the  rhombohedral  phase  (PZT).  However, 
figure  2(c)  shows  that  the  sample  almost  has  the  single  rhombohedral  PZT  phase. 
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FIGURE  2  X-ray  diffraction  patterns  of  intrinsic  PZT  powders  that  were 
calcined  at  several  temperatures  (a)  750°C,  (b)  TSO’C,  (c)  SOO’C. 


Thus  the  optimum  temperature  for  calcination  of  un-doped  PZT  was  determined 
to  be  800**C.  Optimum  calcination  temperatures  of  Nb*’  doped  PZT  were 
determined  by  the  same  manner  as  the  un-doped  PZTs.  Figure  3  shows  that  the 


RGURE  3  Relation  of  optimum  calcination  temperature  to  obtain  the  PZT 
single  phase  and  amounts  of  Nb**  dopant. 
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optimum  calcination  temperature  increases  linearly  with  amounts  of  Nb**  dopant. 
Relation  beteraen  T,,  the  calcination  temperature  and  Xmol%  dopant  Nb**,  can  be 
formulated  as  follows; 

T,  s800  +100X.  (1) 

Rgure  4  shows  the  microstructure  of  ceramics  sintered  at  1280‘'C  for  3  hours. 
Grain  sizes  were  measured  from  Rgure  4  and  plotted  against  amounts  of  Nb** 
dopants  in  Rgure  5.  Grain  sizes  were  in  inverse  proportion  to  the  amount  of  the 
dopant.  It  is  possibie  that  when  the  samples  were  heated  to  the  sintering 
temperature,  the  high  vapour  pressure  of  PbO  created  Pb  vacancies  near  the 
surface  of  each  grain.  For  compensating  the  inbalance  of  the  ionic  valence,  Nb*’ 
Ions  substituted  for  Zr*^  near  the  boundary  surface  of  each  grain. 


RGURE  4  Microstructure  of  PZT  ceramics  doped  Nb*” 

Here  It  is  assumed  that  the  diffusion  rate  of  Nb**,  which  is  substituted  for  Zr**  in 
each  PZT  grain,  is  low  and  then  Nb**  ions  localize  at  the  grain  boundary  region. 
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of  which  th*  thickness  is  indicated  by  S.  If  grain  boundaries  are  surrounded  with 
PZT  substituted  by  Nb**  ions,  vapour  pressures  of  PbO  might  be  decreased  and 
grain  growth  should  be  inhibited.  One  lead  ion  vacancy  corresporufs  to  two  Nb** 
ions  substituting  for  Zr**  ions.  As  a  result.  Pb,,«.y2Nbp..,Ti,0,  phase  is  formed  in 
the  surface  region,  of  a  sintered  PZT  grain.  H  Nb**  ions  substitute  for  all  Zr**  in  the 
surface  region  with  thickness  S,  the  relation  X,  5  and  grain  diameter  0  is 
expressed  as 

X  s6x100  S/0.  (2) 

in  figure  5,  the  grain  size  data  at  each  amount  of  dopant  Nb**  was  fitted  to 


HGURE  5  Relation  of  grain  sizes  and  amounts  of  dopant  Nb^. 

equation  (2),  and  grain  boundary  thickness  was  determined  to  be  40  A.  That 
corresponds  to  10  unit  cell  distances.  The  real  thickness  of  the  region  containing 
Nb*”  may  be  larger  than  5,  because  residual  Zr*^  ions  exist  even  at  the  grain 
boundary  region. 

4.  Conclusion 

The  optimum  calcination  temperature  increases  linearly  with  amounts  of  Nb^ 
dopant.  Nb*”  dopant  obstructs  the  progress  of  reaction  steps.  Relation  between 
Tg,  the  optimum  calcination  temperature  and  X  mol%  amounts  of  dopant  Nb^,  can 
be  formulated  as  follows; 

T.  =800  +100X. 
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According  as  the  increase  of  the  dopant  amounts,  grain  sises  of  sintered  ceram¬ 
ics  were  decreased. 

Grain  surfaces  inciude  lattice  defects  and  lost  balances  of  ionic  valence 
between  cation  and  anion.  Amounts  of  the  dopant  can  be  related  to  ratio  of  grain 
boundary  volume  aiKf  grain  volume  on  the  assumption  of  lead  vacancy  and  Nb*’ 
In  grain  boundary  region.  Thickness  of  the  grain  boundary  corresponds  about 
40  A,  that  is  about  10  lattice  layers. 
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ABSTRACT 

Measurements  have  been  made  of  the  complex  piezoeiectric  coefficient  (ds^).  by 
a  quasistatic  method,  so  as  to  detemr^  its  real  arxl  imaginary  comporwnts  as 
a  function  of  frequerx^y  (f  =  10^  - 10^  Hz)  arxi  temperature.  Results  obtained 
with  Ca-modified  lead  titanate  and  lead  lanthanum  titanate-ziroonate  ceramic 
samples  reveal  the  ttdstence  of  relaxations  at  a  very  low  frequency  fbr  the  former 
and  at  frequerxiies  of  tens  of  hertzs  for  the  latter.  Tetragonal  distorlion  and  pc^ 
microregions  could  be  considered  as  the  respective  causes  of  such  relaxation 
processes. 


1. -INTRODUCTION 

Some  technologicai  applications  reqixre  piezoelectric  materials  in  which  the 
ratio  of  electromechanical  coupNng  factors  OVKp)  is  high.  Such  is  the  case,  for 
instarx:e,  in  echographic  imaging,  as  regards  the  improvement  of  resolution. 

Tbe  direct  relation  that  exists  between  Kp  and  the  piezoelectric  coefficient  dg, 
has  pro(TK>ted  many  studies  aamed  at  urKlerstanding  the  behaviour  of  dg^  and  its 
influerK»  on  Kp.  The  materials  that  have  been  mainly  studied  are  those  with  a 
smaN  Kp,  such  as  samarium-modified  lead  titanafo  (PTS)  arxl  calcium-modified 
lead  titsviate  (PTC)^^\  and  lead-lanthanum  titanate-zirconate  (PLZT)*^.  In  these 
materials  the  piezoelectric  coefficient,  d,,,  can  be  written  fo  the  form^: 

d*3,  =  d3/  +  AdaZ-Jda/*  (1) 
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whara  d'31  oorrasponds  to  valuas  of  tha  coeffidant  at  fraquandas  vMeN  ovar 
laiaxation,  arKl  is  tha  fantilnsk:  contributkjn  of  tha  piazoaiactric  matarid.  Tha  tarm 
A  dg,’  is  tha  axtrinsic  contribution  from  savaral  typas  of  affacts  that,  in  soma 
casas,  can  ba  of  tha  sama  ordar  as  d’j^  and  of  diffarant  sign. 

Tha  ralaxation  charactar  of  tha  axtifr)sic  contributions  through  tha  tarms  A  da/ 
-Jdai"  has  baan  confirmad.  both  in  soma  piazoalactric  polymars  and  in  singla 
crystals  of  RochaUa  sdt^’  and  silvor-sodium  nitrite^. 

In  ceramics,  thara  ara  no  daar  rasutts  as  to  tha  axistanca  of  relaxation  in 
soma  frequency  region.  In  tha  (oresant  work,  a  study  is  made  of  the  coefficiant 
dj)  as  a  function  of  frequency  between  5*10^  and  10^  Hz,  and  as  a  function  of 
temperature  for  several  fraquandas,  so  as  to  gather  information  towards  a  better 
understanding  of  the  piezoelectric  relaxational  processes,  of  the  extrinsic 
tactors  contributing  to  the  final  values  of  dj^.  The  materials  that  have  been 
studied  are  lead-caldum  titanate  and  lanthanum-lead  titanata-zirconata  ceramics. 

2.-  EXPERIMENTAL  METHOD 

2.1.-  Plazoeiectilc  ceramics 

Ceramics  of  nominal  composition 

Pb,.,Ca,(Co.o5Wo5TI^03  +  MnO(1%)  (PTC) 
with  X  =  0.20  and  0.30  were  prepared  by  a  reactive  chemicai  method,  as 
described  elsewhere^. 

Ceramics  of  composition 

Pb  32l-A,0Bn~^08^.3s)^3  (PLZT-8) 

were  obtained  by  copredpitation  from  alkoxides,  synthesized  at  750  **C  and 
afterwards  sintered  at  1250  "C.  From  these  ceramics  pieces  of  efimansions 
13x5x0.5  mm  were  cut;  electroded  with  siivar  paint,  sintered  at  600  **C  arKi 
polarized  to  saturation  at  temperatures  120°C  (PTC  samples)  arKi  80°C  (PLZT 
samples). 
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2J2.-  PtoifMtaclrlc  current 

The  equivalent  circuit  of  a  piezoelectric  material  subject  to  a  sinusoidal 
mechanical  stress*^  is  shovm  in  Fig.  1.  vwith  an  impedance  Z  and  a  phase  such 
that 


Fig.  L-  EquivakHt  dmut 

|Z|  =  R,/(1  +  tg  6  =  1/(«  R,CJ  (2) 

The  piezoelectric  current  is  given  by: 

ip  =  S  (dD/dt)  =  da,  (dT, /dt)  =  w  da,  T,o  sen(virt+e)  *io  sen(wt+e)  (3) 
Between  the  piezoelectric  current  Ip  and  the  mechanical  stress  T,  there  is  a 
lag  e  such  that  the  real  and  imaginary  components  of  Ip  can  be  written  as 
ip"*  *  ifl  cos  e  ip*™  *  io  sin  8  W 

and,  from  the  relation  between  ip  and  da.  Op  «  dai(dT,/dt))  we  have: 

d,,- '  !,"•  dsi"  -  ip*”  P) 

Now,  the  current  amplifier  also  Introduces  a  lag  y,  and  thus  the  total  lag 
between  T,  and  ip  measured  by  the  osdloscope  Is  ♦  =  6  +  8  +  y,andmustbe 
taken  care  of  by  a  previous  calibration  of  the  system.  This  calibration  has  to  be 
done  for  each  sample.  The  error  in  the  measurement  of  «  is  of  ±  1®. 

Measurements  of  i^  as  a  function  of  temperature  were  made  with  the  sample 
in  an  electric  oven  up  to  150®C.  The  temperature  of  the  sample  was  measured 
with  a  chromel-alumel  thermocouple  with  an  error  of  ±  1®C. 


3.-  RESULTS  AND  DISCUSSION 

In  Figs.  2  and  3  wo  shows  the  results  obtained,  ftx  the  real  and  imaginary 
components  of  coefficient  dj,,  (or,  rather,  peak  values  of  lp/«  ,  which  are 
proportional  to  dg,)  with  PTC  and  PLZT  ceramics,  as  a  function  of  frequency. 
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Fig.  3.-  Imaginary  part  of  vs.  frequency.{^a.u.~^■^\0''^) 


Fig.  4.-  Real  and  Imaginary  parts  of  cf«  vs.  lBfnperalufe.(1a.u.-3-10'’®C) 


FREQUENCY  DEPENDENCE  OF  THE  .  .  . 


(473]/161 


A  marked  increase  of  componerts  is  observed,  in  PTC  oerwnics.  for 
frequencies  urxJer  1  Hz.  In  turn.  PLZT  shows  a  slight  and  grackial  increase,  down 
to  the  limiting  frequency  (5*10*^  Hz). 

Tashiro  et  al.^  have  studied  the  transverse  mechanicsd  displacement  in  PTC 
24  (c/a=1.039)  and  in  PZT  (c/a7l.002)  as  a  furxrtion  of  time  for  different  values 
of  an  applied  CX)  field.  The  results  of  this  study  show  that  Ca-modified  ceramics 
behave  according  to  a  transverse  displacement  mechanism,  with  long  relaxation 
time,  that  does  not  exist  in  PLZT  ceramics.  The  dg,  coefficierTt  in  PTC  24 
deperKis  on  the  amplitude  of  the  AC  electric  field.  The  time  that  PTC  24  ceramics 
take  to  reach  the  equilibrium  value  is  larger  than  60  sec.  In  PZT  the  equilibrium 
is  reached  almost  instantaneously. 

The  results  of  Figs.  2  and  3  show  a  behaviour  of  d3,  (dg/.  dg/’)  in  dear 
agreement  with  those  of  Tashiro^^  The  strong  increase  of  these  components  in 
PTC  -mainly  in  PTC  20  (c/a= 1 .045)-  in  the  very  low  frequency  region  suggests 
the  existence  of  a  piezoelectric  relaxation  below  10'^  Hz.  The  behaviour  of  PLZT- 
8  is  in  agreement  that  of  PZT  in  ref.  (8). 

Figures  2  and  3  also  show  relaxations  for  PTC-dO  and  PLZT-8  at  frequertdes 
of  the  order  of  tens  of  hertzs.  According  to  the  relation  d*  =  ^3,’+  A  dgi’-jdgi". 
these  relaxations  can  be  ascribed  to  extrinsic  contributions  of  defects  (A  dg/-  j 
^si”)-  90°  domain  walls  have  been  claimed  as  being  responsible  for  this 
contribution^^  but  they  would  probably  have  a  relaxation  frequency  higher  than 
those  obtained  in  this  work. 

A  possible  explanation  for  the  piezoelectric  relaxation  observed  in  PLZT-8 
(Figs.  2  arKj  3)  could  be  the  contributior^  to  dat  of  polar  microregions*®’’®’  that 
exist  in  ferroelectric  materials  with  a  diffuse  phase  transition  (which  is  the  case 
of  PLZr-8).  These  mfororegions  could  also  explain  the  behaviour  of  the 
components  of  PLZT-8  with  temperature  that  is  shown  in  Fig.  4.  The  temperature 
for  a  maximum  of  piezoelectric  losses  is  lower  than  that  corresponding  to  the 
disappearance  of  the  real  part  of  dg,  (ferroelectric  transition  temperature).  This 
result  is  also  in  agreement  with  the  behaviour  of  relaxor  ferroelectrics  as  a 
function  of  temperature.  The  apparently  anomalous  thermal  variation  of  the  real 
component  (which  deaeases  with  increadng  temperature)  is  very  similar  to  that 
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of  remanent  transverse  deformation  vs.  eiectric  field  derived  from  butterfly  loops 
in  PLZT  ceramics*’^’.  The  variation  of  the  components  of  dj,  with  temperature  for 
the  PTC-30  ceramic  (a  continuous  increase  with  change  of  sign  of  the  real 
component)  is  similar  to  that  of  PTC  and  PTS  ceramics^^'^^  Studies  of  the 
components  of  dg,  vs.  frequency  above  the  temperature  where  d'3^  =  0  in  PTC 
ceramics  are  in  progress  to  understand  the  extrinsic  contibutions. 

4.-  CONCLUSIONS 

The  relaxationai  behaviour  of  the  piezoelectric  coefficient  dai  has  been 
determined  by  quasistatic  measuremerns.  The  relation  between  transverse 
deformation,  tetragonal  distortion  e^id  ^31  could  explain  the  very  low  frequency 
relaxations  of  PTC  ceramics.  Polar  microregions  in  PLZT  could  be  responsible 
for  the  thermal  relaxc-^  on  behaviour  of  this  ferropiezoelectric  ceramic. 
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PROPERTIES  OF  SUBSTITUTED  PbNb20^  CERAMICS  AND  MEASUREMENT  OF 
THEIR  van  ELECTROMECHANICAL  COEFFICIENTS 
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Abstract  Ceramics  of  the  PbNb20^  type  with  substitutions  on  Pb 

and  Nb  sites  are  studied.  The  firing  conditions  -  various  cycles 
of  temperature  and  time  -  are  carefully  examined.  The  main  elec¬ 
tromechanical  coefficients  are  given.  The  vmak  Q  and  coeffi¬ 
cients  are  calculated  from  a  method  perfected  in  our  laboratory. 


In  the  last  few  years,  materials  of  PbNb20^  type  have  been  developed 
for  electroacoustical  applications,  because  these  piezoelectric  cera¬ 
mics  have  the  advantage  to  exhibit  a  large  anisotropy  in  electromecha¬ 
nical  coupling  factors  between  thickness  mode  k^  and  planar  mode  kp 
(the  largest  possible  k^/kp  ratio  with  a  kp  factor  as  low  as  possible) 
and  simultaneously  a  low  mechanical  quality  factor  Q.  These  compounds 
seem  promising  if  the  relatively  difficult  manufacturing  process  can 
be  properly  controled.  In  addition,  the  measurement  of  their  very  low 


coefficients  poses  problems. 

Teuagonai 


2yc  2yc 

Rhombohedral  Orthorhombic 


FIGURE  1  Schematic  diagram  of  the 
PbNb20^  transformations 


Niobium  metaniobate  can  present 
two  crystallographic  forms  at  room 
temperature,  a  rhombohedral  one 
(non  ferroelectric),  and  an  ortho¬ 
rhombic  one  (ferroelectric).  In  or¬ 
der  to  obtain  polar isable  samples, 
indeed  crystallised  in  the  ortho¬ 
rhombic  phase,  the  sintering  tempe¬ 
ratures  must  reach  at  least  1250**C^  . 
For  the  ferroelectric  material  the 
structure  is  tetragonal  above  the 
Curie  Point  (570”C)^,  but  the  pre¬ 
paration  of  the  polarisable  mate¬ 
rial  becomes  complicated  owing  to 
the  reversibility  of  the  transition 
ferro-non  ferroelectric  for  tempe¬ 
ratures  not  much  higher  than  the 
Curie  temperature. 
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These  transformations  are  summarized  in  Figure  1.  Apart  from  this 
condition  on  the  sintering  temperature,  the  difficulties  encountered 
during  the  preparation  of  PbHbjO^  type  ceramics  are  closely  related  to 
the  tungsten  bronze  structure  and  the  weak  diffusion  of  niobium  oxi¬ 
de  :  that  is  to  say  the  lack  of  homogeneity,  densification  and  aging. 

All  the  tests  have  been  carried  out  with  a  5  %  Sr  substitution  on 
the  Pb  site  in  order  to  obtain  better  piezoelectric  characteristics 
without  increasing  the  Q  factor. 


PRBPARATIOH  OF  HOHOGENEOUS  SIWTgRBD  CERAMICS 


As  reported  by  Roth^  ,  six  coumpounds  are  known  to  exist  in  the  system 
PbO-NbjOj :  P3N,  PSN2,  P2N,  P3N2,  with  a  pyrochlore  structure  and  PN, 
PN2  with  a  tungsten  bronze  structure  (P  «  PbO,  N  >  Nb20j ) . 

However,  except  for  P3N2  and  PN,  results  concerning  composition 
and  crystallography  of  the  various  compounds  are  conflicting* .  For  a 
mixture  corresponding  to  a  ratio  PbO/NbjOj  »  1,  the  more  stable  pyro¬ 
chlore  phase  formed  is  P3N2  and  rhomboedral  PbNbjO^  would  be  formed 
via  the  process^  : 


3  PbO  +  2  Nb205 

500-70000 

- -  3  PbO  2  NbjOi; 

fast  ^  5 

(1) 

3  PbO  2  Nb20, 

750-100000 

- »  4  PbNb,0, 

sluggish  ‘  ® 

(2) 

According  to  Yamaguchi*  PN2  can  be  formed  from  600‘C  and  combines 
with  P3N2 

TOO-SOO'C 

3  PbO  2  NbjO;  +  PbO  2  NbjO,  - ►  4  PbNb20^  (3) 


Another  reaction  can  also  occurs  if  an  excess  Nb^Oj  exists  : 

>  900’‘C 

PbNbjOg  +  Nb205  - »  PbO  2  Nb205  (  4) 


X  Ray  analysis  performed  on  powders  fired  at  eSCC  and  lOOC’C  du¬ 
ring  10  hours  confirms  these  results  (Figure  2)^'^. 

•  At  650®C,  presence  of  P3N2  phase  according  to  (1).  PbNb20^  is  al¬ 
ready  formed,  at  a  lower  temperature  than  that  given  by  reaction  (2), 
perhaps  through  the  reaction  (3),  although  the  diffraction  lines  of 
PN2  don't  appear  on  the  pattern. 

•  At  1000”C,  the  pattern  corresponds  only  to  the  rhombohedral  phase 
PbNb20^’ . 

Tests  carried  out  at  temperatures  between  650  and  lOOO^’C  show  the 
progressive  decrease  of  the  P3N2  phase  and  never  the  diffraction  li¬ 
nes  of  the  PN2  compound. 

So  in  order  to  obtain  homogeneous  sintered  ceramics  several  kinds 
of  firing  at  1000‘’C  were  performed,  summarized  on  Table  l. 
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3PbO  2Nb203 


(a)  6S0*c/lJh 


20  90 


(b)  1000*C/10h 


I _ L 

20  90 


80  70 


FIGURE  2  X-Ray  powder  diffraction  pattern  at  various  temperatures 
TABLE  1  Conditions  of  firing  and  resultant  characteristics 


Firing 

lOOCC/lO  h 

1000»C/20  h 

1000*0/40  h 

2  X  (1000*C/10h) 

Powder 

appearance 

White 

yellow  traces 

not  compact 

White 

not  compact 

White 

not  compact 

White 

compact 

Sintered 

sample 

inhomogeneous 

inhomogeneous 

inhomogeneous 

homogeneous 

It  seems  that  a  second  rise  in  temperature  at  1000”C  finishes  the 
reaction  (3)  or  (2)  without  going  through  the  reaction  (4).  A  test  ma¬ 
de  with  a  powder  containing  0.01  mole  excess  Nb20j ,  which  leads  to  in¬ 
homogeneous  ceramics,  confirms  this  explanation. 


A  notable  improvement  of  the  density  of  the  sintered  samples  is  obser¬ 
ved  when  some  compounds  are  added  in  small  amount  to  the  firing  powder 
before  grinding,  for  example  MgF^  or  CaF2 .  This  improvement  occurs 
without  changing  the  piezoelectric  characteristics. 

Other  additives,  such  as  BaF2,  NiO,  WOj ,  have  been  tested  but 
the  samples  recrystallize  very  easily  to  form  coarse-textured  cera¬ 
mics.  Sintering  tests  with  glasses  have  also  been  performed.  Unfortu¬ 
nately  the  sintering  temperatures  are  too  low,  and  so  the  viell  sinte¬ 
red  ceramics  obtained  are  not  in  the  ferroelectric  state. 

The  operations  of  mixing  and  grinding  the  poviders  have  been  first 
carried  out  in  agate  jars  with  ethylic  alcohol.  It  can  be  observed  in 
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Figure  3  that  the  dielectric 
losses  (tan&)  have  doubled  one 
month  after  the  ceramic  polari¬ 
sation.  The  other  dielectric 
properties  are  not  modified.  On 
the  other  hand  if  the  operations 
are  performed  with  water  as  the 
dispersing  medium,  tan&  remains 
stable  with  time  (Figure  3). 


Several  testa  have  been  performed  with  various  substituting  ions  on 
the  B  site,  such  as  Ni^* ,  Fe^*,  but  the  piezoelectric  coefficients 
are  too  weak  because  of  the  difficulty  in  poling  these  ceramics. 

On  the  other  hand  it  is  possible  to  prepare  well  sintered  cera¬ 
mics,  easy  to  pole,  with  a  Ti^*  ion  substitution  or  an  addition  of 
Nb^*  ion.  The  following  formulae  have  been  manufactured  and  their  main 
characteristics  measured  (Table  2). 


A 

.95 

s*^o. 

,05 

Nbj 

06 

B 

Pbo 

.95 

,  05 

(Nb, 

.99 

Tio. 

01 

) 

O5. 

.995 

C 

.95 

s*^o, 

.05 

(Nb, 

.98 

Tio. 

02 

) 

O5. 

.99 

D 

Pbo. 

.95 

s^o, 

.05 

(Nb, 

.97 

Tio. 

03 

) 

O5, 

.985 

E 

Pbo. 

.95 

s«^o. 

.05 

Nb2. 

02  * 

^6.05 

It  can  be  seen  that  until  a  2  %  Ti  substitution  the  electromecha¬ 
nical  coefficients  are  unchanged.  Moreover  this  substitution  allows  a 
decrease  of  the  sintering  temperature,  an  easier  poling  and  results 
are  more  repetitive. 

Ceramics  with  a  Nb  excess  (E)  are  quite  good,  but  show  some  inho¬ 
mogeneities  certainly  due  to  the  presence  of  the  PbO  2  Nb20^  compound 
which  is  also  ferroelectric  with  a  tungsten  bronze  structure. 


100  120 
t(days) 

FIGURE  3  Time  dependence  of  tan6 
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TABLE  2  Main  characteristics  of  substituted  PbNb20^  samples 


Sample 


A 

B 

C 

O 


Dopant  « 

a 

t9£  % 

djj  pC/M 

B 

Op 

B 

Qt 

0 

5.9 

1290 

242 

4.5 

72 

0.037 

10 

0.28 

8 

1  Ti 

5.6 

1270 

240 

2.6 

70 

0.048 

10 

0.27 

10 

2  Ti 

5.9 

1270 

236 

2.6 

74 

0.063 

11 

0.36 

8 

3  Ti 

6. 1 

1250 

345 

2.5 

72 

0.114 

24 

0.34 

23 

2  Nb 

5.7 

1270 

240 

1.8 

70 

0.069 

11 

0.33 

7 

>  «  density  (lO^Kg.m'^),  T,  >  sintering  temperature  (time  «  6  h) 
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BXPBHIMIHTAL  DETBRMINATIOM  OF  BLBCTROHBCHAMICAL  COBPFICIEWTS 


Thtt  characterization  of  piazoceramica  with  low  electromechanical  cou¬ 
pling  coefficient  and  high  mechanical  quality  factor  Q  is  largely  des¬ 
cribed  in  IBEE  standard  on  piezoelectricity^ . 

The  lead  metaniobate  structure  studied  in  this  paper  present  high 
mechanical  losses  with  very  %raak  electromechanical  coupling  especially 
in  radial  mode.  The  experimental  method  for  the  determination  of  elec¬ 
tromechanical  coefficients  derived  from  G.  Martin*  has  been  described 
by  R.  Briot’ . 

A  piezoelectric  ceramic  without  dielectric  losses  can  be  repre¬ 
sented  by  an  equivalent  electrical  circuit  consisting  of  a  series  con¬ 
nection  (motional  resistance  R^,  motional  capacitance  and  motional 
inductance  )  in  parallel  with  a  capacitance  at  constant  strain  . 
The  admittance  |y|  for  this  circuit  may  be  written  as  a  function  of 
the  normalized  frequency  x  >  is  defined  as  the  frequency  of 

maximum  conductance),  the  capacitance  ratio  r  >  quality 

factor  q’ . 

For  each  pair  (r,  Q)  selected,  it  is  possible  to  calculate  the 
ratio  |y„|/|y„|  and  f^/f„  where  |y^|  (reap.  |y„|)  represents  maximum 
(reap,  minimum)  of  admittance  for  the  frequency  f^  (reap.  f„). 

The  experimental  method  consists  in  measuring  from  a  network  ana¬ 
lyser  HP  4194  A.  ly.l,  ly„|,  f.  and  f„. 

A  computer  program  has  been  developed  in  order  to  calculate  r  and 
Q.  Then  the  electromechanical  coupling  coefficient  can  be  determinated 
according  to  the  vibration  mode  : 


Radial  mode^  * 


l/kj 


0,395 


^  - 


+  0,574 


Thickness  mode^  : 


1 


where  f^  is  defined  as  the  frequency  of  maximum  resistance  of  piezo¬ 
electric  ceramic  for  this  vibration  mode  :  ~  f,  (1  ~  1/2  ) . 

From  the  network  analyser  it  is  also  possible  to  evaluate  f,  and 
fp  and  to  calculate  the  electrosmchanical  coupling  coefficient,  but 
for  lossy  material  the  determination  of  Q  is  very  difficult. 

Figure  4  represents  with  good  accuracy,  experiawntal  (points)  and 
simulated  electrical  (solid  line)  admittance  against  frequency. 

Experimental  and  simulated  phase  curves  show  the  validity  of  this 
experimental  method  which  is  based  only  on  two  experimental  points  mea¬ 
sured  from  the  electrical  admittance. 
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fre<jijency  in  Hz 


<10* 


FIGURE  4  Resonance  curves  -  Admittance  and  phase  -  versus  frequency 


COWCLUSION 


A  manufacturing  process  of  PbNbjO^  type  ceramics  has  been  perforated. 
Samples  with  5  A  Sr  and  various  amounts  of  Ti  substitutions  have  been 
prepared  and  studied.  The  main  characteristic  coefficients  are  presen¬ 
ted,  in  particular  the  low  electromechanical  coefficients  Q  and 
measured  with  a  method  described  in  this  paper. 
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Abstract  Bxparimanta  on  a  piaaoalactric  Tonpils  powar  tranaducar 
show  tha  importanca  of  tha  quality  of  tha  caramic  activa  atatarial. 
In  ordar  to  dataralna  If  Intarnal  dafacts  appaar  in  PZT  caraaica 
owing  to  tha  shocking  of  tha  tranaducar,  two  mathoda  of  invaatiga- 
tion  ara  propoaad  <  an  alactrical  ona  by  naaauraatant  of  tha  ad- 
mittanca  varaua  fraquancy  and  an  ultrasonic  ona.  Thasa  two  amthods 
laad  to  idantical  rasults  for  aliainating  dafactiva  caranics. 


INTRODUCTION 

Host  of  tha  tranaducars  wall  suitad  to  undarwatar  dataction  usa  tha 
piasoalactric  affact  to  convart  an  alactric  signal  into  an  acoustic 
wave.  During  tha  last  yaars  outny  studias  hava  baan  carried  out  on  so¬ 
nars  in  order  to  lower  tha  working  fraquancias  for  an  increased  datac¬ 
tion  range  and  also  to  increase  the  radiated  powar  and  tha  working  du¬ 
ration.  For  this  purpose  tra  studied  a  Tonpilz  type  transducer^  which 
has  a  configuration  depicted  in  Figure  1. 


FIGURB  1  :  Schasmtic  representation  of  tha  studied  Tonpils 
transducer 
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It  la  a  longitudinal  vibrator  conaisting  of  i 

-  a  piaaoalactric  caramic  atack  (a)  mad#  of  7  indapandant  pair a  (ax- 
tarnal  diaiaatar  50  mm  and  a  15  on  diamatar  cantral  hola) .  In  aach 
pair,  tha  piazocaramica  ara  organized  with  oppoaad  polaritiaa  and 
alactrically  drivan  with  parallal  connection 

-  a  nodal  alactroda  (b) 

-  a  head  maaa  (c)  made  up  of  a  light  aatarial  which  ia  in  contact  with 
water,  tha  propagation  medium 

-  a  tail  maaa  (d)  made  up  of  a  heavy  material  in  order  to  abaorb  the 
back  vibration. 

Tha  whole  device  ia  glued  and  held  in  poaition  by  a  pre-atreaaing 
rod  (e)  which  impoaea  a  300  bare  pre-atreaa. 

The  electrical,  mechanical  and  thermal  characterization  of  thia 
tranaducer  haa  been  carried  out  in  air,  with  the  aim  to  reaearch  and 
identify  the  different  aourcea  of  loaaea  and  working  limitatione^  : 

-  loaaea  are  due  to  the  aaaembly  itaelf 

-  but  for  repetitive  teats  performed  on  the  same  transducer,  different 
results  have  been  obtained.  As  the  only  active  elements  are  the 
piezoceramice ,  we  were  induced  to  study  and  teat  these  materials. 

The  ferroelectric  compositions  used  for  transducers  working  under 
high  acoustic  load  and  therefore  high  electric  field  are  "hard"  PZT 
ceramics.  The  main  characteristics  at  low  level  of  industrial  "hard" 
PZT  ceramics  axe  the  following^  : 

-  1200 

tg8  (%)  »  0,2  -  0,4 

kjj  -  0,62  -  0,66 

djj  (pC/N)  »  230  -  270 

The  study  was  carried  out  as  follows  : 

•  test  of  each  piezoceramic  ring 

•  assembly  in  the  transducer 

•  operating  (nominal  speed  0.16  m/s  at  3  kHz  in  the  center  of  the 
head  mass) 

•  test  again  of  each  ceramic  el«nent  after  the  disassembly. 

Two  methods  of  investigation  are  used  in  order  to  check  the  state 
of  the  ceramic  rings  :  an  electrical  and  an  ultrasonic  one. 
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Using  a  HP  Analyzer  4294  A,  the  admittance  curve  of  each  ceramic  is 
dravm  versus  frequsncy  under  low  electric  field  (1  V/cm) .  The  first 
resonance  in  radial  mode  lies  about  35-45  kHz.  The  typical  curve  of  a 
good  ceramic  is  given  on  Figure  2.  Figure  3  shows  the  admittance  of 
two  bad  ceramics  :  interfering  resonance  frequencies  appear  which  can 
be  due  to  microcracks  in  the  ceramic.  These  defects  are  found  again  on 
resonances  at  higher  frequencies. 


|Y|  (mS) 


FIGURE  2  :  Admittance  versus  frequency  for  a  good  ceraunic 
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FIGURE  3  :  Admittance  versus  frequency  for  bad  ceramics: 

a)  small  defect 

b)  important  defect 
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ULTPASOHIC  AMALYS18 

The  principle  of  the  measurement  method  is  the  viell  known  isssersion 
technique. 

The  piezoceramic  is  placed  in  a  tank  filled  with  water.  The  ultra¬ 
sonic  beam  passes  through  the  ceramic  and  this  beam  which  has  come 
through  the  thickness  of  the  ceramic  will  be  representative  of  its  in¬ 
ternal  state  ;  for  instance  if  there  is  an  horizontal  raicrocrack  the 
part  of  the  beam  which  will  reach  the  backwall  will  be  attenuated.  For 
example,  using  an  on-off  method  to  measure  the  echo  amplitude  it  is 
seen  on  Figure  4a  that  the  defects  are  located  t 

-  n°  1  along  a  radius  and  around  the  central  hole 

-  n*  2  along  two  radii. 

Another  method,  taking  into  account  a  greater  number  of  threshold 
values,  gives  the  mapping  of  the  ceramics  as  shown  on  Figure  4b. 


FIGURE  4a 


FIGURE  4b 


FIGURE  4  :  Ultrasonic  visualization  of  defects 
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Nith  th*  help  of  the  ultrasonic  apparatus,  the  position  of  a  de¬ 
fect  found  with  the  electrical  method  is  located,  and  a  slice  of  the 
ceramic  is  sawn.  Than  an  optical  photograph  of  the  microcrack  is  made 
as  shown  on  Figure  5. 


FIGURE  S  1  Photograph  of  a  microcrack 


ORIGIN  OF  THE  FLAWS 

Two  main  causes  can  be  distinguished  t 

-  Defects  due  to  the  piezoceramics^ '  ^ 

-  Defects  due  to  the  assembly  and  working  of  the  Tonpilz  transducer. 

1)  Flaws  can  occur  during  the  fabrication  process.  Local  stresses  are 
developed  near  discrete  defects,  such  as  impurities,  porosity  or 
too  large  grains,  and  these  are  responsible  for  microcracks  located 
near  these  defects.  Microcracks  can  also  appear  during  the  polari¬ 
zation  treatment.  All  these  flaws  are  distributed  at  random  in  the 
volume  or  at  the  surface  of  the  ceramic.  Other  defects  are  created 
in  the  course  of  machining  during  the  grinding  and  polishing  of 
the  surfaces  and  the  drilling  of  the  central  hole. 

2)  Some  systematic  studies  have  been  performed  with  the  Tonpilz  in  or¬ 
der  to  test  the  influence  of  the  pre-stress  and  to  measure  the  maxi* 
m\im  dynamic  stress  : 

-  a  pre-stress  of  approx imatively  300  bars  is  applied  on  the  cera¬ 
mics,  and  after  the  Tonpilz  has  been  working,  it  can  be  seen  : 

•  if  ceramics  are  good  ones,  nothing  happens 

•  if  ceramics  are  bad  ones,  as  verified  by  electrical  or  ultraso¬ 
nic  method,  the  defects  are  amplified 

-  the  maximum  dynamic  stress  of  about  100  bars  peak  is  weak  and  has 
no  effect  on  the  ceramic  quality. 
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Dafects  on  ceramic  materiala  Influence  the  properties  of  the  Tonpxlz 
transducer  causing  : 

-  a  bad  matching  with  the  power  supply  because  the  characteristics  ha¬ 
ve  changed 

-  an  increase  of  n»chanical  losses,  hence  a  decrease  of  the  transducer 
efficiency. 

However  neither  the  static  nor  the  dynamic  stress  seem  directly 
accountable  for  the  flaws  achieved  after  working.  But  the  stress  can 
amplify  the  defect  if  it  is  already  present  in  the  piezoceramics.  The 
smallest  fault  on  the  admittance  curve  may  be  the  evidence  of  flaws 
into  the  material  which  will  increase  during  the  transducer's  working. 

So,  before  utilization  it  is  very  important  to  test  the  piezoce¬ 
ramics  by  using  one  of  the  two  methods  described.  Nevertheless  with 
ferroelectric  materials  the  electrical  method  is  easier  to  implement. 
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L.EOXBUirOVA 

Blga  Techxiical  UniTeralty,  Blga,  Latvia 

Abstract  Tbs  fsrroslsc tries  of  the  Aurlvilllus  fami¬ 
ly  having  T^>700®C  are  investigated  from  the  point  of 
view  of  their  application  as  high-temperature  transdu¬ 
cers.  The  value  of  piezoelectric  modulus  d^^  and  it  s 
stability  are  the  basic  parameters  detezmining  the  ran¬ 
ge  of  application. 

The  bismuth-containing  layered  perovskite  compounds  of 
the  Aurlvilllus  family  and  of  a  general  formula 

3n+3  distingulrfied  by  a  hig^  value  of  T^, 

(n  is  the  number  of  BOjg  octahedra  in  the  perovsklte-like 
layer ).^ 

There  is  a  series  of  bismuth  layered  compounds  with  an 
even  number  of  layers,  the  T^  of  which  is  beyond  700® C. 

It  includes  familiar  compounds  of  n«2:  Bi^TlFbO^ 
(Tc'940®0),  BijTiTaOg  (T-870®C)  and  CaBij^Ti^Oj^^  (T-790®) 
with  n«4,^  We  have  obtained  5  aaw  bismuth  layered  com¬ 
pounds  with  n-2  the  T^  of  idiich  is  between  720  and  750®C« 

®^2^1/3®^2/3*H/3*2/3°9 

^  They  have  been  produced  by 

solid  state  reaction  between  two  bismuth  laminated  com¬ 
pounds  of  different' number  of  the  perovskite  layers  n,  sind 
by  iso-  and  heterovalent  ion  substitution  in  A  B  sub- 
lattices  of  the  perovsklte-like  layers.  Besides,  we  have 

found  the  T^  for  compounds  CaBi2Nb20g,CaBi2Ta20g,SrBi2Nb20g, 
SrBi^Ta^Og  with  n=2  and  SrBl^Ti^Oj^^  Cn*4).  Their  T^  values 
reported  by  Subbarao  ^  are  related  to  the  first  order  phase 
transition,  the  nature  of  which  is  not  clear.  The  true 

[487yi75 


®^2^^®^5^^H/3^2/3°9  * 

Bi2Pbi/3Bi2^Tiirb2/5W,/30g 
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values  of  for  these  ferroelec tries  are  oonsiderably  hig¬ 
her  and,  according  to  our  data  equal  to  825°C  for 

CaBigTagOg,  775°C  for  SrBi2in)20g, 
750®C  for  SrBi^gO^,  730®C  for  SrBigTagOg  and  775®C 
for  SrBi^Ti^O]^^.  The  temperatures  have  been  detemined 
from  dielectric  permittivity  aaxiaa  measured  at  1  kfls  fre¬ 
quency  and  dilatometric  experiments  (Figure  1). 


FIGURE  1  Dielectric  properties  (a)  as  function 
of  temperature  and  dilatometric  curveCb)  of  SrBigNbgO^ 
ceramics:  1-dielectric  permittivity,  2-dielectric 
losses. 

The  piezoactivity  of  CaBigRbgOg  and  CaBigTagOg  ceramics 
is  rather  low  -  the  value  of  piezoelectric  modulus  d^^ 
eqxials  3,3*10”^^  and  1,5*10"‘^^  C/N,  respectively.  It 
is  an  order  higher  in  the  case  of  SrBigNbgOg, 

SrBigTsgO^  and  SrBi/|.Tl402^^  ceramics  -  11*10“^^;  12,5*io*‘^^ 
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and  11, 2*10  C/N.  However,  because  of  rather  a  low  sta¬ 
bility  of  these  coaQ>ounds  cannot  be  used  to  make  ele- 
■ents  for  hlgh-tenperature  transducers  (Eigure  2). 


FIGURE  2  Themal  behaviour  of  piezoelectric  aodulus 
d^^  of  SrBijNb^O^Ca)  and  SrBi^Ti^Oj^(b)  ceraaics: 
1-the  first  cycle,  2- the  second  cycle 

For  the  same  reason  the  new  layered  coapounds  aentioned 
above  can  neither  be  used  though  aaongst  the  known  ferro- 
electrics  of  Tg>700®C  they  are  distingui^ed  by  the  high¬ 
est  values  of  the  piezoelectric  aodulus  d^^  ranging  froa 
14* 10"^^  to  24*10“^^  C/N. 5 

Modification  of  layered  bisauth  coapounds  by  various  oxi¬ 
des  and  substances  aay  essentially  laprove  the  whole  coa- 
plex  of  electrophysical  properties  of  the  ceraaic  aaterl- 
als.  Thus,  an  over-stolchloaetrlc  aaount  of  Bi2W0g  7- 
10  wt  %  and  0,2  wt  96  of  Cr^O^  in  CaBl|^T1^0^^  has  re- 
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duced  the  slnteriag  teaperature,  broadened  the  operating 
range  and,  aost  laportant,  increased  the  value  of  d^^ 
froa  4,4*10”^^  up  to  (10-14 )•  10*^^  C/U  it's  stability  be¬ 
ing  laproved  (Figure  3)«  The  aaterlal  Is  stable  up  to 
700°C. 


0  400  BOO 


FIGURE  3  Theraal  behaviour  of  plesoelectric  aodulus 
dj5  of  CaBi^Tl^Oj^^  eeraaics  aodifled  by  Bl^WC^  and 
Cr^O^:  1-the  first  cycle*  2- the  second  cycle. 

To  develop  plesoeleetrlc  eltfients  operating  at  the  teape- 
rature  of  800^0  and  higher,  Bl^TlRbO^  has  been  used.'^y^The 
value  of  the  piezoelectric  aodulus  of  the  Bi^TillbO^  eera¬ 
aics  is  5*10”^^  C/N,  reversible  change  of  d^^  co^rising 
75  %t  irreversible  -  25  %  «t  400®C. 

The  piezoelectric  Bi^TiBbO^  ceraales  aodifled  by  chroaiua, 
blsButh,  aolybdenua  or  antiaoniua  oxides  is  aore  resistant 
to  high  teaperature  and  pressure  (Figure  4). 

Properties  of  aaterials  obtained  by  conventional  ceraales 
technology  at  sintering  teaperatures  1040-1060®C  are  gi¬ 
ven  in  Table  1  and  Table  2. 

An  Increased  stability  of  ceraaic  polarization  at  high 
teaperature  and  pressure  is  due  to  lattice  distortion  of 
bisauth  tltanate-nlobate  caused  by  over-stoichiometric 
aaounts  of  Introduced  ions  resulting  in  an  enhanceaent  of 
the  internal  field  of  polarized  eeraaics  and  the  stabili¬ 
ty  of  electrophysical  paraaeters. 
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FIGURE  4  Theraal  behaviour  of  plesoelectric  modulus 
of  BijTiRbOg-(l)  and  Bi^TlRbO^  ceramics  modified 
by  Cr^O^,  MoO^,  SbpO^-C?) 

TABLE  1  Properties  of  modified  Bl^TiHbO^  ceramics 


Modifier 

Ranse  of  ope-  Pleso- 

rating  tempe-  modulus 

*1  ^  . 

Change  of  dxz 
^max*  ^ 

X  Cl  UX^ 

<133.10"% 

C/R 

rever¬ 

sible 

irrever¬ 

sible 

Or^O, 

from  +20®C 
to  +800®C 

12,0 

18 

8 

Cr20j+Bi20^ 

from  +20®C 
to  +800°C 

14,0 

6 

1 

Cr^O^-i-MoOx 

from  -196®C 

7 

4 

c  ?  7 

to  +850®C 

15,2 

10 

5 

Cr^0,+Mo0»+ 

from  -196®C 

14,7 

6 

4 

Sb|o5  5 

to  +850®C 

8 

4 

TABLE  2  Piezoelectrl<^odulus  d^^  of  Bi^TiRbO^  cera¬ 
mics  modified  by  Cr20^  and  MoO^ 

T?C  25  0  -25  -50  -100  -I50  -196 

-  12 

<133.10  ,  15^2  15,3  15,4  15,5  15,7  15,9  16,0 

C/R 
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These  aaterlals  mmj  be  used  for  different  high-teBpers< 
ture  plesoelectric  sensors  of  vibrations,  shock,  trans* 
■liters  of  acoustic  signal  and  other  devices. 
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THB  TRANSIENT  PIEZOELECTRIC  RESPONSE  OF  IMPACT 
LOADED  PZT  CERAMICS 


JULIAN  A.CLOSB,  R.STEVENS 

Division  of  Ceramics,  School  Of  Materials,  University  of  Leeds, 
England. 


Abstract  Samples  of  commercially  produced,  poled  lead  zirconate  titanate 
piezoceramtcs  were  subject  to  impact  loading  by  a  free  falling  striker. 
Samples  were  sandwiched  in-between  a  split  Hopkinson  pressure  bar  which 
allowed  for  characterisation  of  the  tailored,  planar  strain  wave,  20-80/us  in 
duration.  The  piezoceramic  was  discharged  onto  a  relatively  large  capacitor 
ie'.under  short-circuit  conditions.  From  these  data,  a  value  of  the 
piezoelectric  charge  coefficient,  du  was  derived  and  compared  with  that 
derived  via  the  conventional  method.  Early  results  indicate  that  values 
obtained  from  the  impact  rig  are  substantially  higher  than  those  quoted  in 
manufacturers  data.  It  is  proposed  to  analyse  a  range  of  materials  in  an 
effort  to  predict  behaviour  in  relation  to  impact  duration,  magnitude  and 
resulting  deterioration  of  poling. 


IWTRQDUCTIQW 

A  study  is  made  of  the  transient  electrical  response  of  commercial  lead 
zirconate  titanate  (PZT)  piezoceramics,  subject  to  rapid  impact  loads.  The 
objective  is  to  draw  a  distinction  between  these  results  and  those  derived 
from  conventional  "resonant"  characterisation  methods.  Four  PZT 
compositions  are  under  test,  namely:  PC4,  PC4A,  PCS  and  PCSH.* 

The  data  derived  from  the  study  are  relevant  to  situations  in  which 
piezoceramics  are  utilised  as  high  voltage  generators,  in  active  automobile 
suspension  systems  and  in  impact  detonation  devices. 

*  Materials  supplied  by  Morgan  Matroc,  Unilator  Division,  Ruabon,  Wrexham, 
Clwyd,  LL14  6HY. 
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ERIMENTAL  TECHNIQUE 

The  "drop  weight  impact"  testing  rig  comprises  a  free  failing  striker,  running 
on  an  air-bearing  providing  an  impact  of  approximately  20/is  duration  (This 
can  be  controlled  within  certain  limits  by  altering  the  striker  length,  whilst 
the  rise  time  can  be  controlled  by  altering  the  geometry  of  the  striker  facing). 
The  piezoelectric  device  under  test  (DUT)  is  situated  in  a  vertically  mounted 
split  Hopkinson  pressure  bar  (SHPB)  arrangement  instrumented  with 
miniature  foil  strain  gauges.  The  strain  gauges  monitor  the  passage  of  the 
ensuing  stress  wave  after  the  striker  impacts  the  top  of  the  "impact”  bar  and 
its  subsequent  passage  into  the  "receiver"  bar.  The  two  strain  gauge  signals 
received  from  the  SHPB  are  sent  to  a  custom  made  high  frequency 
(approximately  2.5MHz  bandwidth)  virtual-earth  pulse  amplifier.  The 
amplifier  output  is  then  appropriated  for  analysis  by  a  PC  controlled  digital 
storage  adaptor  (DSA).  The  two  "captured"  waveforms  allow  examination  and 
comparison  of  the  stress  wave  before  and  after  transmission  through  the 
DUT. 

A  schematic  diagram  of  the  impact  testing  rig  is  illustrated  in  Figure  1. 
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FIGURE  1.  Impact  testing  rig  setup 


IMPACT  LOADED  PZT  CERAMICS 


PLATE  1.  The  SHPB  and  striker 


PLATE  2.  The  impact  testing  rig 
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The  electrical  discharge  from  the  DUT  (in  the  range  of  2-3kV)  is  transferred 
to  a  capacitor  large  enough  so  that  discharge  under  short-circuit  conditions 
may  be  assumed,  as  is  the  convention  for  charge  output  characterisation  of 
piezoelectric  devices  as  it  makes  no  assumptions  about  permittivity  or 
capacitance  changes  in  the  sample  during  the  experiment. 

A  high  frequency  100:1  attenuating  oscilloscope  probe  delivers  the  charge 
stored  on  the  capacitor  to  the  DSA  for  analysis. 

INTERPRETATION  QF  RESULTS 

From  the  "captured"  data,  it  is  possible  to  correlate  both  the  amplitude  and 
duration  of  the  piezoelectric  output  from  the  DUT  with  that  of  the  stress 
wave  passing  through  it.  An  estimation  can  therefore  be  made  of  the 
piezoelectric  charge  coefficient  (du  CN ')  and  also  the  conversion  of  input 
mechanical  energy  into  electrical  energy  ie:  kj,,  the  coupling 
coefficient, 
viz; 


and 


4 


electrical  energy) 
(input  mechanical  energy) 


where  D  is  the  dielectric  displacement,  X  is  the  stress,  the  subscripts  E  and 
T  denoting  constant  field  and  temperature  respectively,  whilst  "33"  indicates 
the  direction  of  applied  stress  and  that  of  the  charge  flow  ("3"  being  the 
polarisation  direction  in  the  ceramic  device). 

For  each  composition,  two  sample  thicknesses  (2mm  and  5mm)  are  tested 
with  a  view  to  verifying  suspected  thickness  effects  arising  from  stress  wave 
reflections.  An  aim  of  the  study  is  to  quantify  the  finite  time  taken  for  the 
onset  of  charge  flow  after  application  of  stress  to  the  DUT  ie:  t,,  the 
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"relaxation  time"  due  to  domain  mobility  effects. 

Ageing  resulting  from  decay  of  polarisation  can  be  monitored  by  the 
influence  on  the  piezoelectric  coefficient  values  of  repeated  impacts.  An 
examination  by  scanning  electron  microscopy  might  also  reveal  microcracking 
at  grain  boundaries  leading  to  short-circuiting  within  the  DUT  and 
consequently  to  a  drop  in  electrical  output. 

RESULTS 

Results  obtained  from  the  SHPB  rig  are  shown  in  Figure  2  and  are  typical  of 
the  responses  gained;  the  upper  curve  is  that  of  the  strain  "seen”  in  the 
receiver  bar  whilst  the  lower  is  that  of  the  electrical  output  from  the  DUT. 
The  evident  time  difference  is  due  to  the  time  taken  for  the^stress  wave  to 
reach  the  strain  gauge,  remote  from  the  DUT,  on  the  receiver  bar.  It  is 
straightforward  to  compensate  for  this  lag.  Preliminary  calculations  from 
these  data  suggest  that  the  PCS  DUT  used,  (Smm  thick;  10mm  diameter)  was 
subject  to  a  stress  of  54.04  MPa  and  developed  a  charge  of  16.8  ftC. 


FIGURE  2.  Results  gained  from  the  SHPB  and  PCS  sample 
The  upper  curve  is  a  measure  of  the  strain  in  the  sample,  the  lower,  the 
output  from  the  DUT. 


186/{498] 


J.A.CLOSE  AND  R.STEVENS 

Using  these  data  the  "33"  charge  coefficient  for  the  PCS  material  is  estimated 
to  be: 

d,3  =  3.96  nCN ' 

Compared  with  340  pCN  *  derived  from  conventional  measurements. 
UNDERLYING  THEORIES 

The  theories  below  are  based  on  the  assumption  that  the  system  obeys 
the  laws  of  linear  elasticity  ie:  that  initial  and  final  body  configurations  are 
identical.  The  duration  of  the  impact  is  dependent  on  the  time  taken  for  an 
(acoustic)  stress  wave,  travelling  at  a  speed  Q  (where  Q  is  the  longitudinal 
acoustic  wave  velocity  in  the  material),  to  traverse  the  striker  twice**’  and  the 
rise  time  of  the  stress,  by  the  geometry  of  the  striker  facing.  The  stress  wave 
originates  from  a  point  source  producing  a  radial  wave,  but  as  this  propagates 
down  an  impact  bar  of  specific  aspect  ratio,  the  axial  stress  wave  assumes  a 
planar,  one  dimensional  profile'^'.  The  stress  pulse  duration  as  already  noted 
is  solely  dependant  on  the  striker  geometry  (neglecting  dispersive  effects, 
which  are  negligible),  though  the  pulse  length  is  intrinsically  dependant  on 
the  value  of  Co  in  the  SHPB.  The  stress  wave  passes  through  the  DUT  with 
minimal  reflection  at  the  interfaces  and  is  passed  into  the  receiver  bar.  From 
the  signal  picked  up  by  the  strain  gauge  on  the  receiver  bar,  a  measure  of  the 
stress  put  on  the  DUT  can  be  derived.  The  axial  stress  on  the  DUT,  X,  is 
directly  related  to  the  strain,  x,  measured  in  the  receiver  bar  and  is  obtained 
from  the  balance  of  the  total  force  between  the  sample  and  the  receiver  bar*^’. 
ie: 


E  X 

r  r 


where  A,  is  the  area  of  the  cross  section  of  the  sample  and  A,  is  that  of  the 
receiver  bar  whose  Young  modulus  is  E,. 
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"In  situ"  calibration  of  the  SHPB  is  also  to  be  carried  out  by  using  X-cut 

quartz  discs  of  known  characteristics  in  place  of  the  piezoceramic  specimens. 

The  DUT  itself  cannot  be  strain  gauged  directly  due  to  extremely  adverse 

effects  arising  from  capacitive  coupling  between  the  discharging  piezoceramic 

and  the  strain  gauge  filamei 

CONCLUSION 

From  this  experiment  the  following  will  be  examined. 

1)  The  relationship  between  values  of  and  k,}  derived  from  impact  testing 
and  those  obtained  from  conventional  methods. 

2)  The  effect  of  impact  duration,  energy  and  repetition  on  the  performance 
of  piezoceramic  devices. 

3)  A  microstructural  analysis  to  assess  the  degree  of  damage  generated  by 
the  impacting  process. 

*’  This  work  is  supported  by  the  National  Physical  Laboratories,  Teddington, 
Middlesex,  England.  TWll  OLW. 
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Abstract  Current  methods  of  pyroelectric  composite  production  are  incompatible  with 
microelectronics  fabrication  techniques.  Thin-film  (l-Spm)  inorganic/polyiner  composilBS  have 
been  produced  using  a  spin-coating  method.  In  the  thickn^  range  aitainaMe  a  quarter-wave  cavity 
for  die  enhanced  absorption  of  inte-ied  radiation  may  be  formed.  Barium  dtanate,  lead  titanate, 
PZT  and  lithium  tantalate  have  been  incorporated  as  inorganic  dispersoids.  A  vinylidene 
fluoride/trifluoroethylene  copolymer  acts  as  die  host  matrix.  Aha  the  requisite  poling  procedure 
the  thin  film  composite  materials  exhibit  pyroelectric  coefTicients  significandy  greater  dum  that  of 
70:30mol%  vinylidoie  fluoride:trifluoro^yieae  copolymer.  They  also  possess  low  values  of 
relative  permittivity  due  to  the  low  volume  percentages  of  inorganic  material  incorporated.  As  a 
result  the  dielectric  noise  figure  of  merit  is  greatly  enhanced  over  conventional  polymer 
pyroelectric  materials.  These  materirtls  are  therefore  suitable  candidates  for  use  in  an  integrated 
thermal  imaging  device. 


1.  INTRODUCTION 

Pyroelectric  materials  have  been  extensively  investigated  recently  for  use  in 
integrated  thermal  imaging  devices.  Inorganic  single  crystal  and  ceramic  materials* 
possess  large  pyroelectric  coefHcients,  but  their  ovt^  peifcmnance  is  limited  by  high 
relative  permittivity  and  thermal  conductivity.  It  is  also  dif&ult  to  produce  t^timum  film 
thicknesses  due  to  the  mechanical  properties  of  the  nuiterials.  Fenoelectric  polymers, 
including  polyvinylidene  fluoride^  and  associated  copolymers^,  possess  moderate 
pyroelectric  activity,  but  have  low  relative  permittivity  and  thermal  conductivity.  It  is 
possible  to  produce  thin  films  using  these  polymers  of  the  optimum  thickness  for  inu¬ 
red  radiation  absorption.  In  order  to  overcome  the  limitations  inherent  in  these  single¬ 
phase  materials,  composite  materials  were  proposed  whose  properties  are  described  in 
terms  of  the  connectivity  concept^.  Thick  film  composites  consisting  of  a  ferroelectric 
ceramic  powder  phase  (tispersed  in  a  host  polymer  matrix  (0-3  connectivity)  have  been 
produced^'^.  These  composites  contain  a  large  percentage  of  inorganic  material  and  are 
fabricated  by  tape-casting  or  hot-pressing  methods.  This  results  in  film  thicknesses  from 
SOpm  to  SOOpm.  The  pyroelectric  coefficients  are  large  compared  to  polymers  ami  Ae 
relative  permittivity  values  small  conqjared  to  ceramics.  Therefore  the  figures  of  merit  are 
enhanced  over  conventional  single-phase  polymer  materials. 

In  an  integrated  thermal  imaging  device  the  pyroelectric  material  is  in  intimate 
contact  with  the  r^out  and  analysis  electronics  in  tiie  form  of  an  integrated  circuit  The 
processing  of  the  pyroelectric  nurerial  must  therefore  be  conquitible  wiA  nucroelecttonics 
frtbrication  techniques.  This  paper  describes  thin-film  composite  materials  which  have 
been  produced  by  a  ^in-coating  method.  This  technique  is  regularly  used  to  yield 
polynier  films  in  die  thickness  range  0.1pm  -  Spm.  By  producing  pyroelectric  composite 
films  of  this  thickness  a  quarter  wavelengdi  cavity  for  the  enham^  absorption  of  infira- 
red  radiation  may  be  realised^.  In  a  staring  array  of  pyroelectric  elements  the  low  thermal 


*  Dr.  T.  Richardson  is  now  at  the  Department  of  Physics,  University  of  Sheflield,  Sheffiekl,  U.K. 
**  Prof.  G.G.  Roberts  is  now  Vice-Cluuicellor  at  the  University  of  Sheffield,  Shefteld,  U.K. 
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conductivity  of  the  matrix  polymer  phase  will  effectively  reduce  pixel  crosstalk  to  an 
acceptable  level. 

The  polymer  utilised  as  the  matrix  phase  is  a  70:30mol%  vinylidene 
fluoride:trifluoroethylene  copolymer  (Attochem,  France).  This  polymer  may  be  spun 
effectively  to  form  highly  uniform  films  and  has  been  extensively  studied  as  a 
ferroelectric  material.  Barium  titanate  (TAMTRON  X7R422H  from  TAM  Ceramics,  Box 
C,  Bridge  Station,  Niagara  Falls,  N.Y.  14305.  U.S.A.),  lead  titanate  (Aldrich  Chemical 
Company,  The  Old  Brickyard.  New  Road,  Gillingham,  Dorset,  SP8  4JL,  U.K.),  lead 
zirconium  titanate  or  PZT  (Ferropenn,  Stubbeled  7,  DK-29S0  Vedbaek,  Denmark)  and 
lithium  tantalate  (Johnson  Matthey,  78  Hatton  Garden,  London  ECIN  8JP.  U.K.)  were 
incorporated  as  the  inorganic  ferroelectric  phase.  We  describe  the  preparation  and 
assessment  of  test  structures  made  with  these  new  composite  materials. 


2.  EXPERIMENTAL 

2.1  Fabrication 

The  thin-film  pyroelectric  composite  material  is  incorporated  as  the  dielectric  into  a 
capacitor  device  structure.  Glass  microscope  slides  are  ultrasonically  cleaned  in  a 
detergent  solution  (Decon  90)  and  then  in  high  purity  deionised  water  (Millipme  Milli-Q 
system).  An  aluminium  substrate  (typically  100^  tMck)  is  thermally  evaporated  onto  the 
glass  slide  at  a  pressure  of  ~10^l^. 

A  matrix  polymer  solution  is  produced  from  2.1g  70:30mol%  vinylidene 
fluoride:trifluoroethylene  copolymer  [70:30  p(VDF:TrFE)]  pellets  dissolved  in  20ml 
butanone  (ethyl  methyl  ketone).  This  solution  is  magnetically  stirred  at  room  ten^rerature 
for  12  hrs.  A  predetermined  volume  percentage  of  the  selected  ferroelectric  inorganic 
powder  is  then  added  to  the  polymer  solution.  The  resulting  suspension  is  agitated 
vigcMously  fOT  several  hours  to  ensure  homogeneous  dispersion  of  the  powder  in  the 
polymer  solution. 

A  thin-film  composite  is  then  produced  by  spin-coating  the  composite  suspension 
onto  the  Al/glass  substrate  using  a  photoresist  spinner.  Typically  a  rotation  speed  of  2000 
RPM  and  duration  of  100  seconds  has  been  us^.  The  resultant  composite  film  thickness 
was  measured  by  a  scanning  optical  microscope  (Lasertech)  in  comparative  reflectance 
mode. 

A  pattern  of  gold  top  electrodes  (typically  60nm  thick)  was  then  thermally 
evaporated  onto  the  surface  of  the  thin-film  composite  to  produce  the  desired  capacitor 
structure. 

2.2  Ferroelectric  Poling 

In  order  to  impart  a  macroscopic  electrical  polarisation  to  the  composite  material,  it  must 
be  poled  such  that  the  dipolar  entities  are  aligned  perpendicular  to  the  substrate  plane  of 
the  film.  In  this  work  a  IXT  thermal  poling  t^hnique  has  been  utilised. 

The  sample  is  heated  to  a  temperature  of  373K  on  a  hotplate  using  heatsink 
compound  to  provide  an  effective  thermal  contact.  A  DC  voltage  (typically  E=2()-30 
V/^tn)  is  then  applied  between  the  device  electrodes  via  tinned  copper  wires  attached  by 
air-dried  conducting  silver  paint  (Acheson  Colloids  Electrodag  915).  The  sample  is  held 
at  elevated  temperature  fcH’  a  specific  period  (times  used  were  2()min  and  165min),  then 
fan-cooled  to  room  temperature.  When  the  sample  has  returned  to  room  temperature,  the 
applied  voltage  is  removed. 

2.3  Dielectric  Measurements 

The  ctqracitance  and  dielectric  loss  tangent  of  the  composite  device  structure  are  measured 
using  an  impedance  analyser  (Hewlett  Packard  4192A).  The  frequency  range  scanned 
was  2()0Hz  to  IMHz.  The  relative  permittivity  is  then  calculated  using  the  active  upper 
electrode  area  and  film  thickness. 


THIN-FILM  PYROELECTRIC  INORGANIC/ORGANIC  COMPOSITES  1503)/19| 


2...4  PyriKteggic  McasurenKnis 

The  pyroelectric  activity  of  the  composite  materials  is  determined  using  the  quasi-static 
measurement  method.  A  triangular  temperature  profile  of  amplitude  O.S*C  is  applied  to 
the  sample  via  a  Peltier  thermoelectric  h^t  pump  and  the  resultant  current  is  meanired  by 
an  electrometer  (Keithley  614).  Hie  temperature  of  dte  pyroelectric  material  is  detected 
a  thennocouple  affix^  to  a  dummy  substrate  adjacent  to  the  device  under  test. 
Teiiq)erature  and  current  readings  are  plotted  as  functions  of  time  on  a  chart  recorder. 


FIGURE  1  Photograph  (50 x  magnification)  of  BaTiO,  (8%  vol)/70;30  p{VDF:TrFE)  thin-film  composite 
(thickness  =  1.7  pm)  with  Al  base  electrode  (at  left)  and  Au  top  electrr^e.  (See  Color  Plate  11). 

3.  RESULTS 

3.1  SffVKtural  Analysis 

Optical  microscope  studies  (Figure  1)  showed  that  composites  containing  barium  titanate 
powder  exhibited  good  dispersion  with  a  fine  particle  size  (material  specification  indicates 
an  average  particle  size  of  1.3pm).  PZT  /  70:30  p(VDF;TrFE)  composites  showed  a 
lesser  degree  of  uniform  dispersion.  Composites  inctnptntiting  lead  titanate  exhibited  a 
certain  amount  of  particle  agglomeration.  Thc^  conqxrsites  consisting  of  lithium  tantalate 
in  a  70:30  p(VDF:TrFE)  matrix  showed  severe  non-uniformity  due  to  the  broad  particle 
size  distribution  of  the  powder  (0.2pm  -  30pm). 

3.2  Dielectric  Results 

Figure  2  shows  the  relative  permittivity  and  dielectric  loss  tangent  spectra  from  TOOtiz  to 
l()0kHz  of  two  barium  titanate/70:30mol%  vinylidene  fluoride:trifluoroethylene 
copoly^r  thin-film  composites.  A  significant  reduction  in  the  relative  permittivity  after 
poling  is  apparent  from  the  8%  inorganic  composite  data.  According  to  these  results  the 
dielectric  constant  after  poling  appears  to  scale  linearly  with  volume  percentage  of 
inorganic  phase. 

3.3  Pyroelectric  Results 

Figure  3  illustrates  the  effect  of  poling  field  on  the  pyroelectric  coefficient  for  two  thin 
filn  omposites  with  barium  titanate  as  the  inorganic  dispersoid.  Hie  composite  with  the 
greater  inorganic  volume  fraction  exhibited  the  higher  activity.  The  pyroelectric 
coefficient  increases  as  the  electric  field  increases  for  botfi  materials  and  tends  to  a  limit  at 
higher  poling  fields.  The  maximum  field  applicable  is  limited  by  electrical  breakdown  of 
the  film. 

All  composites  examined  displayed  a  large  temperature  dependence  of  the 
pyroelectric  coefficient.  The  pyroelectric  coefficient  rises  sharply  as  T  increases  from 
room  temperature. 
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FIGURE  2.  Gnq)h  of  dielectric  constant  and  dielectric  loss  tangent  versus  frequency  for  two  (8% 
and  15%  by  volume)  BaTiOs  /  70:30  p(VDF:TrFE)  ihin-film  composites  at  T>293IC. 

Table  1  displays  pyroelectric  perfcvtnance  data  for  various  thin-film  con^sites 
which  have  been  pr^uced.  The  dielectric  noise  figure  of  merit,  Fd>  is  quoted  since  the 
greatest  noise  contribution  is  due  to  the  dielectric  loss  of  the  malarial.  This  is  given  by  :• 

(6rian5)l/2 

where  p  is  the  pyroelectric  coefficient,  Er  the  relative  permittivity  and  tanS  the  dielectric 
loss  tangent  of  the  pyroelectric  material.  For  a  pure  70:30  p(VDF:TiFE)  film  of  thickness 
1.6iim  £e  corresponding  values  for  the  dielectric  noise  figure  of  merit  are  Fd(200Hz)  = 
86  and  FoflkHz)  =  82.  The  poling  field  fin:  the  copolym^  film  is  ISO  V/)un  which  is 
substanti^y  greater  than  the  fields  used  to  pote  the  composite  materials. 


4.  DISCUSSION 

4.1  Poling  Considerations 

The  poling  procedure  must  be  designed  such  that  a  large  friK;tion  of  the  allied  field  is 
dropped  across  the  inorganic  dispersoid  and  sufficient  ferroelectric  (kmuuns  align  such 
that  a  large  stable,  macroscopic  pokuisation  is  achieved. 

At  elevated  temperature  the  matrix  polymer  phase  exhibits  increased  conductivity 
and  therefore  a  significant  fraction  of  the  applied  electric  field  is  dropped  across  the 
inorganic  dispersoid  phase.  This  results  in  mote  effective  poling  of  the  inorganic  material 
than  at  room  temp^ture  w^ioie  there  is  a  large  mismatch  between  the  respective 
resistivity  values.  At  100*C  the  (loiyiner  is  well  at^e  its  glas>  oansition  tengiera^,  Tg 
(-40*Q,  but  is  still  below  its  melting  point,  Tm  (~1S0'C).  In  this  region  the  polymer  is 
‘serf^t’,  tlut  is  its  chains  are  fiee  to  move,  and  thus  the  orientation  of  sub-micron  inorganic 
particles  under  the  influence  of  the  iqiplied  fiei  1  is  facilitated.  The  matrix  polymer  is  also 
affected  by  the  poling  field.  Orientation  of  chains  occurs  and  a  reduction  in  relative 
permittivity  is  observ^  due  to  an  induced  increase  in  crystaUudty^. 


Inorganic  Material 
(Volume  tacentage) 


p(»iCm-2K-‘) 

atT>i293K 


Poling  Field  (V/|un) 


Him  Thickness  ( Mot ) 


BaTiOa 

(8%vo0 

BaTiOa 
(15%  voO 

42.9 

43.4 

25 

20.8 

1.7 

1.8 

8.37 

16.8 

0.0150 

0.0145 

121 

87.9 

8.23 

16.5 

0.0206 

0.0186 

104 

78.3 

25 


2.8 


20.3 


0.0217 


76.8 


PbTiCb 

(8%vol) 

LiTaOs 

(6%vcl) 

50.3 

59j6 

62.5 

22.2 

0.8 

IB 

8.26 

12.4 

0.0196 

0.0180 

125 

126 

8.10 

122 

115 

_ 1 

f=  200Hz 

I  FD 


f  s  1  kHz  tan5 
Fd 


TABLE  1.  Pyroelectric  ooefficiem,  dieleciric  data  and  pyroelectric  figure  of  meth  for  inorganic  / 
70:30  p(VDF:TrFE)  thin-film  composites. 

A  poling  duration  of  greater  than  KM  seconds  is  required  in  order  to  obtain  a  stable 
ptdarisation.  This  is  due  to  the  existence  of  a  broad  distribution  of  pi^cle  and  donuun 
switching  times  in  the  inorganic  phase^^.  Ixmg-term  poling  results  in  the  majority  of 
domains  being  preferentially  oriented  and  stalnlity  is  then  maintained  by  co-openttive 
alignment  In  shon-penod  poling  stresses  due  to  non-aligned  domains  force  aligned 
domains  to  relax  to  their  initial  positions  resulting  in  a  reduction  in  polarisation.  It  may 
also  be  speculated  that  polymer/pardcle  interactions  lead  to  enham^  polarisation  and 
stability. 
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The  poling  fleld  applicable  is  limited  by  electrical  breakdown  of  the  thin-film 
con^)osites.  The  inherent  inhomogeneities,  air  trapped  at  interfaces,  absoibed  moisture 
and  grain  boundaries  all  represent  low  strength  electrical  pathways.  Increased  fiiactkms  df 
incorporated  inorganic  powder  also  result  in  a  greater  frequency  df  low  field  breakdown. 

4.2  Dielectric  Response 

All  of  the  composites  display  similar  dielectric  qtectra.  The  general  fmm  is  compatiUe 
with  a  Debye-type  dipolar  relaxation  mechanism.  However,  since  the  materials  are  two- 
phase  composites  it  is  more  likely  that  the  response  is  due  to  interfacial  polarisation  as 
described  by  the  Maxwell-Wagner  effect*  ^ 

The  values  of  relative  pennittivity  are  snudler  than  expected.  This  may  be  due  to 
erms  in  the  thickness  determination  or  an  uncertainty  in  the  thickness  due  to  a  high 
degree  of  surface  roughness.  A  more  likely  explanation  of  the  effect  is  the  existence  of 
the  thin  layer  of  native  oxide  on  the  aluminium  base  electrode  and  die  presence  of  some 
trapped  air  within  the  Elms. 

The  reduction  in  relative  permittivity  on  poling  is  probably  due  to  an  increase  in  the 
polymer  crystallinity  and  alignment  of  the  low  pe^ttivity  inorganic  polar  axes. 

The  dielectric  loss  tangent  of  the  materials  is  dominated  by  the  loss  mechanisms  of 
the  matrix  polymer  phase.  Fix'  the  low  percentages  of  intxganic  powdo*  used  here  there 
is  not  expected  to  be  any  marked  effect  due  to  the  losses  in  &  particles. 


5.  CONCLUSIONS 

Thin-film  composite  materials  have  been  produced  by  a  spin-coating  method.  This 
technique  resulted  in  robust,  good  quality  films  with  thicknesses  from  O.Spm  to  3iim. 
This  is  in  the  ccxrect  thickness  range  for  qitimum  absmption  of  infra-red  radiation.  The 
composites  consist  of  a  highly  active,  foroelectric  intxganic  powder  (dispersed  within  a 
70:30mol%  vinylidene  flu(mde:trifluoroethylene  cqwlymer  matrix.  After  poling  the 
materials  exhibit  pyroelectric  activity  which  is  appreciably  greater  than  that  of  the  pure 
70:30  VDF:TiFE  copolymer  at  room  lenqierature.  As  a  result  die  dielectric  noise  figure  cf 
merit  for  the  pyroelectric  performance  is  up  to  45%  greater  than  that  for  the  pure 
copolymer  material.  Therefore  thin-film  pyroelectric  composites  are  good  candidates  for 
possible  use  in  an  integrated  thermal  imaging  device. 

ACKNOWLEDGEMENTS 

We  would  like  lo  acknowledge  valuable  comments  from  Dr.  PJ.  Dobson  during  the  preparation  of  this 
manuscript.  One  of  us  (CEM)  would  like  to  acknowledge  the  receipt  of  a  Science  and  Engineering 
Research  Council  (SERQ  studentship.  This  work  is  supported  by  THCHtN  EMI  pic  and  the  SERC. 

REFERENCES 

*  R.Watton.  M.A.Todd.  BriLCenim.PH>c..  205-217.  (1989) 

2  H.Kawai,  JananJ.AnDl.Phvs..  8. 975-976,  (1969) 

^  TFurukawa,  G£Johnson,  H.EBair.  Y.Tajitsu,  A.Chibo,  EPukada,  Ferroelectrics.  32. 61-67,  (1981) 

^  R.EJ9ewnham,  D.P.Skinner.  L£.Cross,  MaLRes.Bull..  13.  525-536,  (1978) 

^  H.Yamazaki,  T.Kitayama,  Ferroelectrics.  33. 147-153,  (1981) 

^  C.MuraUdhar.  P.K.C.Pillai.  IEEE  Transactions  on  Electrical  inaulaiinn  E1-2U31. 501-504,  (1986) 

I M  J.AbdulMi.  D.K.Das-Gupta.  lEEF.  Transactions  on  Electrical  Innilaikw.  2^3).  605-610,  (199(1) 

«  P.A.Silberg.  J.ODLSoc.Am..  42.  575-578.  (1956) 

^  G.T.Davis,  T.Furukawa.  AJ.Lovinger,  M.G.BrDa(fliurst,  Macmmoltjculea.  IS.  329-333,  (1982) 

10  TJFunikawa,  K.Suzuki.  M.Date,  Fenodecirica.  ^  33-44,  (1986) 

1 1  See,  for  instance.  J.CAnderson,  Dielectrics.  Chapman  and  Hall.  London.  (1964) 


Femekctna,  1992,  Vd.  134.  pp.  195-200 
Reprats  av«Sd>le  diiectly  from  the  pubhsher 
Pbdooopying  permitted  by  ikente  ooly 


O  1992  Gordon  and  Breach  Scwoce  Pubhahen  S.A. 

Printed  in  the  United  States  of  America 


PyC18 

rnomcnic  puniriB  or  iapid  ontn  aiqbp  cmu£ 


tm  GIIA1IQ8BDI.  fAM  QIMIO,  IBDO  BBGSBBNO,  fANQ  MIR 
Iiititito  of  Crjital  MtUritlii  Sktidoig  Uflforaitj 
Jiiao  lAOlOOi  r.l.Gkiaa 


Akitract  Tko  grovik  rata  of  aodifiod  TG8(ATQ8P) eryital  kai 
booa  iacroaood  ttm  Im/day  to  tai/day  kj  iaeroasiag  tko 
stability  aad  faiekoaiag  tko  eoatoettoa  of  tko  lolutioa.  Tko 
pyrooloetrie,  dioloetrie  aad  forrooloetr ie  yroportioi  of  tko 
rapid  grovtk  ATG8P  eryitali  karo  booa  Boaiarod.  Tko  fiallty  of 
tko  eryital  if  good.  Tko  pyrooloetrie  figiro  of  aorit  of  ATQ8P 
eryotal  grova  by  rapid  grootk  ratoo  it  tko  ism  ao  tkat  of 
flow  grovtk  eryotal.  Hovoror  tko  rapid  growtk  eryital  kai  aoro 
L-alaaiao  eoatoat  aad  lover  taafi  tkaa  tkat  of  tko  ilov  grovtk 
eryital  aad  it  kai  rory  kigk  blai  field  (EJ. 


I.  latrodaetioa 

L-alaaiao  aad  pkoipkorie  aeid  doped  TQ8  Crystal  (ATQ8P)  ii  tko 
aodifiod  TG8  Cryital  vltk  oieolloat  proportloi.  It  kai  klgk 
pyrooloetrie  eooffieioat  p  aad  iatoraal  bias  field  (1%)  aad  eaa 
leek  tko  polariiatioa.  Iti  pyrooloetrie  figure  of  aorlt  ii  kigkor 
tkaa  tkat  of  TQ8  eryital*'^  So  ATG8P  eryital  ii  aa  optiaal 
aatorlal  for  tko  fabrieatioa  of  II  dotoetori  aad  rldieoa  target 
iirfaeo. 

Tkii  eryital  ii  ealtUatod  la  agaooai  solatioa.  Qoaorallyi 
tko  grovtk  rate  of  ATGBP  eryital  aloag  tko  polar  aili  (  b  aili) 
diroetioa  ii  oaly  laa/day.  fltk  the  fait  dovolopaoat  of  leloaeo 
aad  toekaologyi  tkoro  li  aa  irgoat  doaaad  for  iick  doped  TQB 
eryital  vltk  a  largo  (SXSea*)  loctioa.  Aeeordiag  to  aoraal 
grovtk  rate,  It  vlll  taka  ai  loag  aa  lOforal  aoatki  to  fialik  a 
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grtvtk  ftrUdi  vkiek  ii  ftr  fraa  itiiifyiag  tka  duMid  far  tka 
giieklj  dafaUfiig  II  darieat.  Tkarafara,  tka  raiaarek  af  tka 
rigid  gravtk  af  dagad  TG8  erjitila  kii  ti  ii^arttat  grieteil 
•igilfiaiiaa  tad  alia  kaeaaaa  aa  Isgartaat  raiaarek  diraetlaa  far 
water  lalukla  eryitala. 

Tkis  gagar  ragarti,  far  tka  firit  tlM,  tka  raialti  af  tka 
itadiai  af  rigid  grawtk  af  ATQ8F  crystal.  By  laeraaiiag  tka 
itakility  sad  laiekaaiag  tka  eaavaetiaa  af  tka  laUtiaii  tka 
grawtk  rata  af  ATG8P  crystal  kas  kaaa  lacraasad  fraa  Im/day  ta 
■are  tkaa  Saa/day.Tka  gyraalactrlc,  dialactric  aad  farraalactric 
gragartles  af  rigid  grawtk  ATQ8P  crystal  ka?a  kaaa  datarBlaad 
systaBaticslly.  It  is  faiad  tkat  tka  rigid  grawtk  ATG8P  crystal 
kas  Bora  L-alsaiaa  caataat  tkaa  tkat  af  slaw  grawtk  ATGSP  crystal. 
Maraafcr  tka  rigid  grawtk  crystal  kas  vary  kigk  lataraal  bias 
field  sad  rary  law  dialactric  lass.  Tksia  all  hara  iBgartaat 
ligaificaaca  ia  tka  fabricatiaa  af  kigk  faslity  IB  daricas. 


I  IxgariBaats  aad  Basalts: 

1.  Siagle  Crystal  grawtk 

Tka  start  tag  Batarials  are  Bids  ap  accardlag  ta  tka  fallawiag 
ekaaical  a^aatiaa  : 

I I  (1  -  x)  MHsCB,COQH^xCH,CH  (NH.)  COOB]  Ml  -y)  H.SO«  MBaPO«  * 

{ (NH.CH.COOg)  1-.  (CH.CH  (NH.)  COOH)  J  .  (B.80«)  i-,  (B.PO«) , 
wkara  x>10%  y«30f.  Tka  PH  fslaa  af  the  salatioa  is  2.4.  Tka 
crystal  grawtk  coaditiaas  ara  tka  siBa  ss  tkaia  af  gora  TQ8.  Tka 
crystal  ssad  was  gragtrad  by  claaraga  af  aa  AT08P  crystal  witk 
gaad  aaaadaBsia  ckarsctar istics.  Tka  sraa  af  tka  saad  sactiaa  is 
6X6  CB*.  Tka  rigid  grawtk  af  dagad  TG8  fsBily  crystals  kas  kaaa 
raalisad  graliBiaarily  by  aiiag  laidiractiaaal  grawtk  tackaifua 
aadar  tka  caaditiaas  af  fixiag  the  saad  witkaat  ratatiaa  aad  by 
iacraaiiag  tka  lagarsaturatiaa  aad  caaractiaa  af  tka  saUtiaa. 
Tka  grawtk  rata  alaag  tka  galar  axis  lacraasad  fraa  In/day  ta 
6BB/day.  By  adapt iag  tkis  tachaigaa*  wa  caa  Bika  tka  crystal 
grew  by  goikiag  farward  alaag  (010)  ar  (010)  face.  Tka  area  af 
crystal  tkss  grawa  is  aat  dacraaiad  abTiaasly. 

2.  Tka  BcaaaraBaat  af  gragartias 

Tka  siBglai  osad  far  BiasaraBaat  ware  claifad  frasi  tka  rapid 
grawtk  aad  slaw  grawtk  ATQ8P  crystals  raigsctirsly.  The  sactiaa 
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trtti  of  tko  eryittl  ilieoi  proeoiiod  wort  tkovt  40m”  tid 
tkiekoiif  0.6m.  AluiBina  oloetrodof  voro  OTtporitod  oo  Uob  . 

Tho  pjroolietrie  eooffleioBi  of  ATQ8P  cryoUl  voro  Miotrod 
by  ebtrfo  iotogrtl  Mtbod.  Tho  toaportturo-riiiif  rolo  ott 
1*  Imin.  Fig.  1  ii  tho  toaporotaro  (T)  dopoodooeo  of  pyrooloetrie 
eooffieioBt  P  of  tho  eryitoli  grooB  by  difforoBt  growth  rotoi. 
Proa  Fig.  1  wo  obb  boo  that  tho  pyrooloetrie  eooffieioBti  of  tho 


Fig.  1  Toaporoturo  T  dopoBdoaeo  of 
pyrooloetrie  eooffieioBt  P 


eryitBls  growB  by  difforeot  growth  rotoi  ore  idoBtieol  it  rooa 
toaporttaro  itigo.  fhoo  tho  toaporoturo  ii  higher  thou  30X^,  the 
P  of  the  rapid  growth  crystal  is  slightly  saaller  thao  that  of 
the  slow  growth  erystal.  At  Curio  toaporoturo,  the  peak  Tslue  of 
the  foraer  is  OTideotly  saaller  thaa  that  of  the  latter.  When 
teaperature  is  higher  thso  Te,  the  deereasiag  of  P  of  the  rapid 
growth  crystal  bocoaes  slower  and  it  decreases  to  soro  at  70^. 
Whereas  the  deereasiag  of  P  of  tho  slow  growth  crystal  is  rather 
gttiek,  it  decreases  to  sero  very  gniekly  at  teaperature  higher 
thaa  66t).  This  is  decided  by  the  differeat  bias  field  of  these 
two  crystals. 

The  electric  hysteresis  loop  of  the  crystal  was  aeainred  by 
os iag  Model  TRC-1  piodo-itatic  electric  hysteresis  loop  aoter. 
This  aeter  was  deiigaed  oa  the  basic  of  Sayer*  Tower  circuit 
priaciple  aad  has  rery  high  aeasariag  accuriey.  The  electric 
hysteresis  loops  of  the  crystals  growo  froa  the  siae  lolutioa 
(coutaiaiag  lOVM  L-alaaiao)  by  differeat  growth  rates  are  showa 
ia  Fig.  2  .  It  caa  be  seea  froa  this  figure  that  the  iateraal 
bias  field  Eb  of  the  slow  growth  (iM/day)  crystal  is  about 
1.  2kT/ca  whilo  that  of  the  rapid  growth  (taa/day)  erystal  is  as 
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kigk  tt  llkf/ca.  Tkii  it  ktetist  tk«  Mgiitti*  •t  Ik  li 
froportiMil  U  tkf  cMttii  of  L-tltiiie  it  tk«  eryttli  pkait. 
fr«i  Milytifi  it  ii  faiad  tkat  tka  L>alaaiaa  CMtaat  ia  rapid 
gravtk  erjatal  it  aart  tkaa  50%  kigkar  tkaa  tkat  ia  tka  iIm 
graatk  eryital. 


<•)  lai/dky  iblSM/dfty 

Fig.  2  Hyittratii  laapt  af  tka  diffaraat  graatk  rata  erjttali 


Tka  dialaetrie  eaaitaat  e  aad  dialaetrie  last  taa  &  aara 
■aaiarad  ky  utiag  HP4274A  Bridga  at  fragntaey  10  IHi.  Tka 
alaetrie  fiald  aiartad  aa  tka  laaplaa  aai  laii  tkaa  SV/en.  Tka 
raanlti  af  fflaaittranaat  ira  skoaa  ia  Fig.  3  aad  Fig.  4,  Fraa  e  •  T 
eorra  ia  Fig.  Siwa  eaa  laa  tkat  tka  of  ilaa  graatk  eryital 
aad  rapid  graatk  eryital  an  appraalMtaly  tka  laaa  at  raas 
taaparatara  itaga.  Ikaa  tka  tanparatara  ii  kigkar  tkaa  lOX^*  tka 
c  of  tka  lattar  kagiai  to  daeraaia  aad  iti  ralia  baeaaai  lullar 
tkaa  tkat  of  tka  faraar.  Tka  elaiar  tka  taaparatira  toward!  Te, 
tka  Bora  aridaot  ii  tka  diffaraaea  af  t  katwaaa  tka  two  eryitali. 
Maraarar,  tka  Te’  •  of  tka  eryitaii  growa  by  diffaraat  growtk 
ratal  an  alio  diffaraat.  Tka  Te  of  tka  rapid  growa  eryital  ii 
60.  6X^1  wkiek  ii  iligktly  kigkar  tkaa  tkat  of  tka  liaw  growtk 
eryital  (wkoia  Te>49. 3X^).  FraaFig.  4,  it  eaa  bo  laaa  tkat  tka 
dialaetrie  Ian  of  tka  rapid  growtk  eryital  ii  iBallar  tkaa  tkat 
af  tka  alow  growtk  eryital.  Ia  tka  rieiaity  of  Te,  taaO  af  tka 
alow  growtk  eryital  kai  rary  largo  poak  ?alaa  wkila  tkat  of  tka 
rapid  growtk  eryital  ii  ratkar  iobII.  Tkaia  raiilti  ara  gnita 
eoatrary  to  tkat  af  para  TQS  eryital.  Tka  e  aad  taa  6  af 
rapid  growtk  para  TGS  eryital  ara  all  larger  tkaa  tkoia  of  alow 
growtk  pora  TGS.  Tkia  diffaraaea  ii  attribatad  to  tko  kigk 
iatoraal  biaa  fiald  aaiatiag  ia  tka  doped  eryital  aad  iti  baiag 
eoBplataly  BoaadoBaiaiod. 

For  tka  eoanaiaaea  of  eoBpariag  tka  pyroalaetrie  propart iaa 
of  ATG8P  eryatali  growl  by  difforoat  growth  rate,  wo  ll■Mrila 
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Fic.  3  Ttsperitur*  T  dtptadcae*  of  ,  _  .  _  .  . 

“  /  .  ^  Fig.  4  Tonporoinro  T  dopoodoaeo 

dieloetaie  eoaitaat e  .  ^  . 

of  taa  0 

the  reaalti  of  noasaroBoatB  ia  Table  l. 


Table  1.  Pyroelectric  properties  of  the  different  groeth  rate 
ATCSP<2S'C) 


Cromth  rat* 

Tc 

CC) 

e 

tanO 

P 

<lO"*©/c**  •  3) 

Eb 

(kv/oa) 

N(  p/e) 

(10"*o/csi*I) 

Wd 

49.3 

30 

m 

warn 

1.2 

1.  43 

Saa/d 

50.8 

21 

0.0021 

4.0 

-10 

1.  42 

Froa  the  above  tablet  «o  eaa  see  that  the  pyroeleetrie  figare 
of  merit  of  the  rapid  growth  eryatai  ia  baaieally  the  aaae  aa 
that  of  the  aiow  growth  eryatal  >  bat  it  haa  a  far  higher 
iateraal  biaa  field  aad  a  far  amaller  dielectric  loaa.  The  rapid 
growth  eryatal  ia  completely  ia  moaodomaia  atate.  The 
modificatioa  of  theae  propertiea  piaya  aa  importaat  role  ia  the 
improvemeat  of  the  gaality  of  the  IR  devicea. 

There  ia  evideat  differeaee  betweea  the  propertiea  of  the 
rapid  growth  doped  TGS  aad  pare  TGS  cryatala.  So  far  aa  the 
latter  ia  coaceraed,  the  dielectric  coaataat  e  aad  dielectric 
loaa  taa  &  are  all  iaereaaedi  while  theae  of  the  ATGSP  cryatala 
are  ail  decreaaed. Thia  ia  owiag  to  the  fact  that  the  rapid 
growth  rato  leada  to  the  iaereaae  of  l-alaaiae  eoateat  ia  the 
eryatal  aad  iaereaaed  moaodomaia iaatioa  of  the  eryatal. 
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Ib  ordtr  to  proToat  dopolariiitioa  of  tko  eryatali  it  aiBtlly 
doMBdi  that  tho  eoatoat  of  L’alaaiao  ia  tko  lolatioa  ikoald 
koop  at  aboat  20fM.  Tko  kigkor  tko  eoatoat  of  L-alaaiao  ii,  tko 
Boro  diffienlt  it  tko  eryatal  grovtk.  Bovofoti  aftor  «o  adoptod 
tko  rapid  grovtk  aotkod.  it  ii  poaaiblo  to  grow  eryatal  vkiek 
kaa  kigkor  iatoraal  biaa  fioid  froB  tko  lolatioa  doped  vitk  loii 
BBoaat  (10%lDof  L-alaaiao.  Tkit  roBalts  ia  tko  proToatioa  of 
dopolar iiatioB.  Tko  toekaigao  of  rapid  grovtk  aad  the 
eoBprohoaiiTO  tppraiiai  of  ita  iafluoaet  oa  eryatala  viil  bo 
reported  ia  aaother  paper. 


Acknovledgemeat 

The  aathora  vaat  to  eipreaa  tkoir  tkaaka  to  Prof.  Jiaag  Hai 
Cha  aad  Prof.  Gao  Zhaag-Shoa  for  tkoir  kolpa  ia  prepariag  tkia 
paper  aad  the  beaefieial  diaeaaaioaa. 

Refereaeea 

1,  C.  8.  Fang,  X.  Taoi  A.  S.  Bkallai  L.  E.  eroaa. 

Ferroeieetr iea  ,  61.  9-13  (1983) 

3.  Joka,  F.  Cooper  aad  M. F. Siagleton  Laaera  84.  Saa  Fraaaiaeo.  CA 
NoreBber,  1984 

3.  BiWangi  C.S.Faag.  Jouraal  of  Shaadoag  Uaireraity  Vol.  81,  No.  94 

(1986) 

4.  P.  J.  Lock.  Appi.  Pkya.  Lett.  19,  1390  (1971) 


8 


Ferroelectrics,  1992,  Vol.  134,  pp.  201-206 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


C  1992  Gordon  and  Breach  Science  Publishers  S.A. 

Printed  in  the  United  Sutes  (rf  America 


PyP214 

INFLUENCE  OF  SURFACE  LAYERS  AND  ElfCTROTHERMAL  COUPLING 
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Abstract  Dielectric  loss  tan5  is  an  essential  source  of  noise  in  pyroelectric  detectors.  In  reflecting 
on  die  dielectric  loss  of  thin  chips  made  from  modified  triglycine  sulphate  (TGS),  it  has  been 
found  out  and  experimentally  shown  that  surface  effects  and  etectrothor^  coupling  effects  cause 
a  considerable  increase  in  dielectric  loss.  The  publication  gives  data  on  ten^ieratiiie  and  frequency 
dependoice  of  dielectric  less,  depending  on  mounting,  chip  thickness,  surface  treatment  regime, 
and  electrode  patterning  technique. 

iNDRODUCnON 

Modified  TGS  (deuterated,  doped  with  L-o-alanin  or  L-ot-alanin-fCr^'*'  respectively,  and  ^-irradiated)  is 
applied  preferably  in  pyroelectric  sensors  because  of  its  favourable  pyroelectric  and  dielectric  properties 
of  uttiiining  high  Sensitivity  and  a  high  signal-to-noise-ratio. ' 

The  dielectric  loss  tanSp  of  the  soisor  element  plays  an  important  role  as  a  source  of  noise  within 
the  frequency  range  from  10  cps  to  some  1.000  cps.  With  a  large  number  of  certain  data  available,  die 
temperature  and  frequency  depoidences  of  the  permittivity’s  real  part  e’  are  understood,  while  the 
bdiaviours  of  the  pomittivity’s  imaginary  part  e”  and  die  dielectric  loss  tanS=e7e’  are  less  known, 
particularly  widiin  the  mentioned  frequency  range. 

Of  the  various  mechanisms  contributing  to  the  dielectric  loss  die  influence  of  surface  layers  and 
electrothermal  coupling  effects  will  be  considered.  These  mechanisms  appear  much  stronger  than  for 
instance  dc  conductivity,  parasitical  parts  of  sample  impedance,  domain  wall  motions,  soft  mode,  and 
piezoelectric  resonances,  if  measuring  conditions  and  sample  preparations  are  chosen  accordingly.^ 

SURFACE  LAYER 

It  was  found  out  that  die  dielectric  loss  tanlp  of  pyroelectric  elements,  made  from  modified  TGS  is 
heavily  dependent  on  element  thickness.^  This  fact  is  also  true  for  the  conqilex  permittivity  of  BaTlO^ 
die  real  part  e’  of  TGS  ^ ,  spontaneous  polarization,  and  coercive  field  strength.'^  It  can  be  explained  on 
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the  basis  of  a  model  where  the  sample  is  considered  as  nonuniform  and  the  properties  of  surface  layers 
are  different  to  the  bulk  values.* 

A  simple  model  of  surface  layers,  consisting  of  ferroelectric  bulk  and  thin  nonferroelectric  surface 
layers  with  low  permittivity  (a  B-type  layer  *),  is  also  able  to  reveal  the  thickness  dependence  of  tanS. 
Figure  1  shows  the  simplified  model  of  a  pyroelectric  element  with  surface  layers  on  both  sides. 


FIGURE  1  Simplified  model  of  a  pyroelectric  element  with  surface  layers  and  equivalent  circuit 

With 


Cs  =Vsd5 
r  - 


(1) 

(2) 


from  the  equivalent  circuit,  the  dielectric  loss  is  obtained 
ej  dB  (  1  tan^^) 

~  ej  dg  ( 1  +  tan^Sj) 

*  ^  Cg  dj  (  1  +  tan^jg) 


(3) 


Provided  that  magnitudes  ej/d^  ,  tanS^  and  tanSg  are  independent  of  temperature,  the  loss  dependences 
on  temperature  and  thickness  can  be  calculated.  Figures  2  and  3  show  the  calculated  temperature  and 
thickness  dependences  of  dielectric  loss  of  DTGS:L-A  for  tanSg  =  0,001,  =  7,  tani^  =  0,1  and  the 

parameter  dj.  On  the  given  conditions,  three  limitations  can  be  deduced  from  Eq.  (3),  premised  that 
tan^Sj  «  1 : 

Cg  dg  _ tanfig _ 

^  *  tan&g(  1  +  tan^S^  ) 

_ 1 _  Cg  dg  _ _ 

(  1  +  tan^Sg)  *  ®B  *  tan3g(  1  +  tan^dg) 


:  tanj  =  tanUg  (4) 

1  f  ^s*^B  1  1 

•  tan$  “  I  Cb  ^  J 
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fail ,  — i — _ 


:untBUnts 


(6) 


These  timitatioiis  are  illustrated  in  Pits.  3  and  4.  At  Curie  point  temperature,  where  values  of  10^-10^ 
for  £3  are  measured,  ot  if  the  quotient  d^d^  is  small,  surface  determines  total  dielectric  loss,  whereas  at 
low  temperatures  or  with  a  large  quotient  c^dj  bulk  determines  loss.  In  tome  cate,  the  temperature 
dqxndence  of  l/e^  -  -T7  typical  of  fenoelectrics  involves  just  such  a  one  of  lAanS. 


P100RB2  Theoretical  behaviwir  of  tan»  as  a  func-  FiOURB  3  Theoretical  bdjaviour  of  tsah  »  a-^- 
don  of  temperatur  (parameter  r^Aim;  dg  *  TOftm)  tion  of  thickness  (parameter  dg/nm;  9  «  25  C) 

In  Fig.  4  this  is  illustrated  by  samples  of  TOS  prepared  in  various  ways.  Samples  1,2,  and  3  were  made  by 
cleavage  and  treated  by  glow  discharge  before  dqwsiting  the  electcrodes  by  high  vacuum  evqwration. 
The  unfavourable  effect  of  glow  discharging  on  the  TCS  surface  is  clearly  visible  .  Indeed  the  adhesion 
on  untreated  TGS  surfaces,  of  metal  layers  deposited  by  high  vacuum  evaporation  is .  ot  satisfactory.  An 
alternative  mediod  was  found  by  cleaning  the  surfaces  with  ion  beam  milling,  which  was  used  for  sample 
4.  Interpretmg  the  ascent,  one  obtains  an  effective  diickness  of  surface  layer  <^£3  of  about  6  nm  for 
sanqrle  4,  compared  wifo  about  40  nm  for  the  glow  discharged  sanqrle  2.  Applyingej  =  one  arrives 
at  a  thickness  of  surface  layer  <^2  of  about  20  nm,  whidi  shows  die  superioriO'  of  ion  beam  milling. 

If  the  sample  surface  is  treated  by  glow  discharge  before  ev^iorating  electrodes,  the  thickness 
dependence  of  dielectric  losses  of  TXrS^y  and  DTGSry  shown  in  Pig.  5  is  obsmved  in  contrast  to  die 
DT<GS:L'A-saniplcs  treated  by  ion  beam  milling.  The  thickness  dependence  that  was  measured  on 
sanqiles  with  surfaces  treated  by  glow  discharging  can  be  cleariy  attributed  to  the  influence  of  surface 
layers,  wich  confirms  Eq.  (3).  With  <^  >  100  nm,  the  value  tanig  of  1...2*10^  of  bulk  determines  die 
measured  loss  tang  of  ion  beam  milled  chips. 
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FiouRB  4  Dielectric  loM  vs.  temperatuie  of  sam-  nouRB  S  Dielectric  loss  vs.  thickness  of  samples 
pies  with  various  ways  of  surface  treatment  with  various  ways  of  surface  treatment 


Figure  6  shows  the  ftequency  response  of  a  fteely  suspended  sample  of  TCS±- A-fCr  3'*'  for  various 
measuring  conditions.  There  is  a  typical  minimum  of  loss  between  lO^  cps  and  10^  cps;  its  value  is 
detennind  by  crystal  growdi  and  samples  preparation.  The  increase  found  at  lower  frequencies  is  due  to 
die  transition  from  adiabatic  to  isothermal  measuring  conditions." 


PlOURB  6  Dielectric  loss  vs.  frequency  of  samples  of  TGSrL-A-tCr^  measured  in  N2  and  high 
vacuum 


In  high  vacuum  diere  is  no  thermal  cmidoction  to  surrounding  gas  layers  and  so  die  increase  found  at 
lower  frequoicies  is  not  so  pronounced.  The  frequency  reqwnse  of  complex  pomittivity  caused  by 
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thenul  conductioo  between  sample  or  sensor  element  respectively  and  sunounding  can  be  calculated,  m 
reganlinf  the  pyroelectric  as  a  thermodynamic  system  in  stress-free  state : 


e 


(«’  -  jc")  »«■*■- 


«p«o 


(7) 


where  in  contrast  to  Stokowski  the  complex  normalized  current  reqnnsitivity  \(ju)  u  used  to 


describe  the  diermal  conduction  between  chip  snd  sunounding.  Hence  the  dielectric  loss  caused  by 
thCTmal  conduction  with  the  surrounding  is 


tan&j- *  p"  ■  fcr*  Im  I  Tn(j«)  1 


(8) 


widi  die  electrothomal  coupling  coefficient 


(9) 


In  Fig.  7  the  measured  and  calculated  dielectric  losses  tanS  are  represented  as  a  fimction  of  frequency  for 
two  different  arrangements.  The  measurement  of  dielectric  loss  was  not  only  taken  direcdy  by  a  capaci¬ 
tance  measuring  bridge  HP  427S  but  also  indirecdy  by  pyroelectric  sensors  in  determining  the  normdized 
noise  voltage  with  Eq.  (10) 

„  (Cp  +  Cip)2 

tan^  =  (  u;„2  .  ~  —  (,0) 

where  u’„  is  the  normalized  noise  voltage  of  the  sensor, u^gg,  u^gj,  and  u^gu  ate  the  normalized  noise 
voltages  caused  by  input  resistance,  current  and  voltage  noises  of  the  pieamplifrer  integrated  in  the 
sensor,  and  Cp  and  Cg,  ate  the  capacitance  of  the  pyroelectric  element  and  the  input  capacitance  of  the 
preamplifier,  and  in  measuring  the  phase  shift  and  amount  of  normalized  current  responsidvity  ITgl 
with  Eq.  (11) 

tan&r  =  sin»>  ITgl  (11) 

The  complex  normalized  current  responsitivity  Tg(ju)  is  calculated  on  the  basis  of  the  diennal  conduc¬ 
tion  equation  of  a  sensor  with  layer  structure.  The  part  tan^  can  be  determined  with  the  help  of  Eqs.  (8) 
and  (9).^^  In  both  variants  of  mounting,  an  increase  in  dielectric  loss  taid  is  found  at  lower  frequencies; 
it  is  pronounced  with  element  3^3.  The  very  good  coincidence  of  measured  and  calculated  values  of 
sample  3^3  shows  that  Eq.  (8)  can  be  applied  fmr  calculating  the  part  of  loss  taifr|.  at  frequencies 
f  i  IppdpI  Oip  >(j<i>/ap)'^ ,  ap...diet  :nal  iWussivity  of  die  pyroelectric),  where  a  homogenous  ct^i^e  ot 
the  pyroelectric’s  tempmtute  can  be  sti^iposed.  Also  with  die  freely  suspended  chip5i4  die  sumimding 
gas  layos  and  the  carrier  made  of  a  polymer  cause  die  loss  pnrt  taifr|-  atf«10Hztobe  dominant 
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PiOUitB?  Influeoce  of  DTOS:L-Aten*or  element  mouotiiig  on  frequency  lespoote  of  dielectric 
loss 


CONCLUSIONS 

The  experimental  results  are  in  accordance  with  the  theoretical  considentioiu,  showing  that  surfrtce 
layers  and  electrodiennal  coupling  dfects  can  cause  an  increase  in  dielectric  loss.  The  thinner  the  pyro¬ 
electric  chip  is,  the  stronger  both  effects  will  appear.  This  has  to  be  taken  into  account  in  design  and 
production  techniques,  since  thin  pyroelectric  chips  widi  low  losses  are  prefered  for  pyroeleclric  senson. 
Dielectric  loss  can  be  influenced  not  only  in  TOS,  but  also  in  other  pyroelectrics,  for  instance  thin  fsno- 
electric  layen  on  substrates. 
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PYROELECTRIC  RESPONSE  OF  PIEZOELECTRICS 
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Abstract  It  has  been  orisinally  shown  that  uniform 
elastic  or  thermal  perturbation  may  induce  volume 
piezoeffect  or  pyroelectricity  correspondingly  in  all 
20  piezoelectric  classes  of  crystals  if  they  are 
partially  clamped.  The  last  of  these  effects  may  be 
named  "thermopiezoelectric”  response  -  TPER.  It  has  the 
same  value  of  magnitude  as  the  usual  pyroelectric 
response  but  TPER  can  be  essentially  amplified  in  the 
vicinities  of  SHF-electromagnetic  or  (and)  electrome¬ 
chanical  resonances.  Piezoelectric  crystals  significan¬ 
tly  extend  the  choice  of  pyroelectric  materials  and  the 
possibilities  of  its  applications.  For  instance,  the 
semiconductors  of  GaAs  type  gives  rise  to  a  new  genera¬ 
tion  of  pyroelectric  sensors  being  microelectronics 
processors  in  which  thermal  transducers,  amplifiers  and 
commutation  system  could  be  integrated  in  the  space  of 
the  same  crystal. 


INTRODUCTION 

The  extraordinary  pyroelectric  responses  have  been  observed 
in  piezoelectr lcs*’“®  and  even  in  pyroelectrics  in  the  direc¬ 
tion  perpendicular  to  the  unique  axis^>®.  As  a  rule  these 
responses  were  associated  with  temperature  gradient^*®  and 
explained  as  tertiary  pyroelectricity*.  Linear  electrome¬ 
chanical  response  (piezoeffect)  may  be  considered  as  the 
linearization  of  electrostrictlon  by  intercrystal  electric 
bias  depending  from  polarity®.  The  intrinsic  polar  structure 
is  noncompensated  in  10  pyroelectric  classes  of  crystals 
but  is  exactly  compensated  in  the  other  10  piezoelectric 
classes. 

For  instance,  planar  neutralization  of  intrinsic  pola¬ 
rity  takes  place  in  crystals  of  point  group  32  such  as 
quartz.  It  has  three  polar  axes  of  two- fold  symmetry  cross¬ 
ing  at  on  angle  of  120(>  and  being  perpendicular  to  the  non¬ 
polar  axis  of  three- fold  symmetry.  The  spatial  self-compen¬ 
sation  of  electric  polarity  can  be  observed  in  cubic  crystal 

{5V9Y2ff7 


20*1520)  Yu  M.  POPLAVKD,  M.E.  ILCHENKO.  L.P.  PEREVERZEVA 

classes  VSm  and  23  point  groups.  Thay  have  four  polar  axes 
of  three-fold  sysssetry  crossing  at  on  angle  of  109°.  That 
is  why  piezoelectrics  could  be  described  as  " antipyroelect¬ 
rics".  Prefix  "anti-"  acquires  sense  only  if  the  cos^o- 
nents  of  electric  polarity  can  be  detected. 

TABLE  1  Charge  separation  phenomena  in  insulators. 


The  type  of  charge  response  Elastic  constraints 

according  to  the  crystal  symaetry  of  samples 


1. UNIFORM  CHANGE  OF  TEMPERATURE 

1.1. 

Primary  pyroelectricity  -  thermal 

From  completely 

dlsodering  and  the  change  of  spon- 

free  to  totally 

taneous  polarization  in  10  polar 

clamped  crystal 

classes  of  crystals. 

1.2. 

Secondary  pyroelectricity  - 

Stress-free 

piezoelectric  transduction  of 

crystal  or 

thermal  strain  in  10  pyroelectric 

partially 

(polar)  classes. 

clamped  one 

1.3. 

THERMOPIEZOELECTRICITY  -  piezoelec- 

Partially 

trie  transduction  of  anisotropic 

clamped  crystal 

limited  thermal  strains  in  20  non- 

solely 

cent ro symmetric  classes  of  crystals 

2. GRADIENT  CHANGE  OF  TEMPERATURE 

2.1. 

Tertiary  pyroelectricity  in  20  non- 

Spatial 

Centro symmetlc  crystals 

nongomogeneously 

2.2. 

Thermopolarization  in  any  dielect- 

stressed 

rics  noticeable  when  S  =  10*- 10*. 

crystal 

But  it  is  well  known  that  uniform  change  of  temperature 
can  not  generate  any  charge  in  "antipyroelectrics"  because 
piezoelectrically  transduced  thermal  strains  are  compensated 
totally.  Nevertheless  recently  we  have  found  the  conditions 
in  which  scalar  (uniform)  thermal  or  elastic  influences 
induce  pyroelectricity  or  volume  piezoeffect  in  all  20  pyro¬ 
electric  classes  of  crystals®.  It  is  anisotropic  limita¬ 
tion  of  thermal  strain  that  we  propouse  to  prove  the  polar 
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motivation  of  plesoelectrlca  =  "antipyroelectrics'* .  As  shown 
further,  partially  clamplns  may  be  realised. 

This  new  THERMOPIEZOELECTRIC  RESPONSE  (TPER)  gives  “pyro- 
coeff Iclent”  p  =  (10-*-10“*)C  m“*  In  various  plesoelec- 
trlcs.  The  TPER  has  been  confirmed  by  experiment  In  SlOs. 
NH4H3P0«  and  BliaOeOao  crystals*.  The  place  of  TPER  amidst 
the  related  properties  Is  shown  In  the  Table  1. 

The  secondary  pyroelectricity  looks  like  thermoplezo- 
electrlclty  but  It  la  Inherent  only  to  10  pyroelectric  clas¬ 
ses.  It  may  be  observed  both  In  partially  claaiped  condition 
and  In  stress- free  crystals.  Apparently,  It  la  the  spontane¬ 
ous  strains  that  plays  a  part  of  "partial  clamping"  In  pyro¬ 
electrics.  Both  TPER  and  secondary  pyroelectricity  are  Im¬ 
possible  In  totally  clamped  crystals. 

The  special  Interest  Is  to  compare  TPER  and  tertiary 
pyroelectricity.  Both  of  them  are  Inherent  to  piezoelectric 
classes  of  crystals  and  may  be  excited  by  elastic  stresses 
which  are  thermally  Induced.  Nevertheless,  the  reason  for 
the  tertiary  effect  is  the  spatially  nonhomogeneous  tempe¬ 
rature  distribution  while  the  source  of  TPER  Is  the  aniso¬ 
tropic  boundary  conditions.  The  last  leaves  the  possibility 
of  only  one  tsrpe  of  thermal  strains,  Just  in  the  direction 
of  a  piezoelectric  axis.  The  other  strains  are  forbidden. 


BASIC  RELATIONS 

To  obtain  the  forsKila  of  TPER  coefficients  we  used  thermody¬ 
namic  equations  of  a  short  circuited  piezoelectric  crystal*^: 

dSn  -  Smn  dTm  +  dT , 

dPt  =  din  dTn-,  .  1=1 .2.3,  m. n=l ,  2 , .  .  . 6 , 

where  E-  electric  field,  T-  temperature,  Pi-  electrical  po¬ 
larization,  Sn  and  Tn  -  the  components  of  strain  and  stress 
tensors,  sm  ,  dim  and  pCn’-  the  components  of  elastic  comp¬ 
liance,  piezoelectric  strain  coefficient  and  the  thermal 
expansion  coefficient  respectively. 

The  solution  of  these  equations  depends  on  crystal  sym¬ 
metry  and  the  partial  elastic  constraints.  There  were  consl- 
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dered:  tangentially  clasped  plate  and  longitudinally  clasped 
rectangular  rod. The  following  boundary  conditions  were  used: 

l.Very  thin  but  "endless"  plate  of  piezoelectric  crystal, 
which  sust  be  cut  perpendicularly  to  one  of  the  crystal  polar 
axis,  then  covered  by  electrodes  and  stuch  to  the  substrate. 
The  plate's  thickness  has  to  be  much  less  then  the  thermal 
diffusion  wave  lengh  so  that  the  tesperature  gradient  is  neg¬ 
ligible  and  tertiary  pyroelectricity  is  practically  absent. 

No-bending  comparatively  thick  substrate  obtained  from 
the  S102  glass  for  instance,  must  be  characterized  by  very 
small  thermal  expansion  coefficient  to  provide  the  tangen¬ 
tial  clamping  of  the  plate.  But  the  plate  is  free  to  expand 
in  the  normal  direction  corresponding  to  the  polar  i-axis. 

At  such  condition  the  TPER  coefficient  pi  for  piezoelectrics 
of  trigonal  and  hexagonal  systems  equals 


dPl  "*’^3*13^ 


where  i=l  for  the  32  and  6  point  group  of  symmetries  and  i-2 
for  the  6m2  and  6  groups. 

The  crystals  of  cubic  system  of  43m  and  23  point  group 
of  symmetries  shows 


2-^/3"  d^^oC 


4s  +  8s  +  s 

11  13  44 


2.  Thin  but  very  long  rectangular  piezoelectric  rod  may 
be  clamped  by  the  longitudinal  electromechanical  resonance. 
The  piezoactive  facets  have  been  covered  by  the  electrodes. 
In  this  case  the  TPER  coefficients  equal 


di4(0^^  +  0(,) 


^  s  +s  +s  +2s 

11  33  44  13 

_  <>..<  °<'i  *  °^> 

***  s  +  s  +  2s  +  s 

11  32  12  ee 


(for  622  and  422  groups), 


(for  42m  and  222  groups), 


(for  4  group  of  crystal  symmetry). 
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EXPERIMENT 

Partial  clanpinc  which  causes  the  anisotropic  limitation  of 
thermal  strains  may  be  realized: 

-in  static  experiment  by  fastening  a  thin  plate  of 
piezoelectric  crystal  on  a  stiff  substrate  Which  restricts 
the  planar  strain  components  but  leaves  free  the  thickness 
strain ; 

-in  the  dynamic  case  one  may  use  the  electromechanical 
resonance  clamping  in  piezoelectric  transducer  such  as  a 
thin  disk  or  long  but  thin  rectangular  rod. 

In  both  cases  the  allowed  part  of  elastic  strains  must 
correspond  to  one  of  the  polar  axes  directions.  It  is  trans¬ 
formed  to  unique  polar  axis.  Consequently,  the  partially 
clamped  piezoelectric  crystal  decreases  the  symmetry  of  its 
response  and  acquires  pyroelectricity  and  volume  piezoeffect. 

The  temperature  dependence  of  such  artificial 
pyroelectric  response  was  used  to  obtain  the  components  of 
intrinsic  polarisation  Pi  which  is  totally  compensated  in 
a  free  piezoelectric  crystal.  For  example,  quartz  has  APi  = 
0.2  jiC  cm~3  at  300K  which  linearly  decreases  with  temperature 
(Pi  (0  -  T)  and  vanishes  at  ©C  transition  (0  =  846K)). 

So  due  to  partially  clamping  we  obtained  one  of  three  compo¬ 
nents  of  intrinsic  polarization  APi- 

Above  the  Curie  point  piezoelectrics  of  KDP  type  shows 
another  temperature  change  of  intrinsic  polarizations  AP'^ 

(0  -  T)2.  Here  0  is  the  point  of  the  high  temperature 
transition  (O  =  484  K  for  KHxPO^,  428  K  for  RbH2P04  and  398  K 
for  KD2PO4) .  When  T  =  0  the  dielectric  permitivity  £1  in 
these  crystal  decreases  approximately  two  times* .  In  ADP 
crystal  the  low  AP  '>^(9  -  T)*  is  Justified  with  0  =  680  K. 

APPLICATION 

The  value  of  TPER  coefficient  of  piezoelectrics  is  the  same 
magnitude  as  in  usual  pyroelectrics.  For  instance, at  300K 
ADP  has  P3=17  10-«  C  m-sK-i,  BiixGeOao  has  30  10-eC  m-aR-i. 

In  ber Unite  pi=5.3  10-*,  quartz  2.7  10-*,  gallium  arsenide 
has  1.5  10-*  C  m-*K-*^  and  so  on.  In  the  vicinity  of  electro- 
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mechanical  resonance  with  the  quality  Qm  TPER  can  be  ampli¬ 
fied  proportionally  to  Qm=  IQs-lO®.  We  have  shown  that  it  is 
possible  to  excite  SHF  electromagnetic  resonance  in  TPER  ele 
ments  simulteneously  with  the  electromechanical  one^.  The  re 
suit  is  the  additional  increase  of  detector  sensitivity.  In 
non-polar  piezoelectrics  microwave  dielectric  dispersion  is 
absent  and  loss  tangent  tanS''/10**  unlike  a  ferroelectric 
pyroelectric  with  microwave  tan 8"=  0.1  -  l.That  provides  the 
high  electric  quality  of  such  piezoelements  as  SiOs,  GaAs. 
Bi4(S104)3  ..  BiizGeOao  which  are  characterized  Q*i=(tanS^  )~^= 
=  10*.  It  is  possible  to  create  one-crystal  pyroelectric 
infrared  sensors  using  piezoactive  semiconductors  such  as 
GaAs.  Their  voltage  sensitivity  S  =  0.01  -  0.1  V  m* 
corresponds  to  pyroelectric  one.  There  could  be  a  new 
generation  of  uncooled  wideband  pyroelectric  sensors. 

Their  main  advantage  is  the  possibility  to  manufact  the  TPER 
transducers,  amplifires  and  commutation  system  in  a  single 
semiconductor.  Nothing  but  microelectronics  technology  can 
guarantee  the  same  properties  of  each  elementary  cell  of 
such  transducers  containing  10*  -  10®  cells.  As  a  result 
high  uniformity  and  resolution  can  be  obtained. 
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Abatract;  The  apecific  heat  and  the  pyroelectric  coefficient  of  a 
TGS  cryatal  doped  with  L-alanine  are  measured.  With  the  data  the 
electrocaloric  coefficient  is  obtained.  The  behaviour  of  the 
crystal  la  similar  to  he  behaviour  of  TGS  under  an  external  elec¬ 
tric  field.  The  results  are  compared  with  the  thermodynamic 
theory. 

INTRODUCTION 

Since  the  introduction  of  the  ferroelectric  triglycine  solphate 
(TGS)  em  a  pyroexeccric  material  a  great  part  of  the  work  on 
pyroelectric  detectors  has  been  based  on  it^.  The  major  disadvantage 
of  using  TGS  is  the  possibility  of  a  single  crystal  becoming  multido¬ 
main  or  depollng  in  use.  To  avoid  this  the  crystal  is  grown  from  a 

2 

solution  containing  L-alanine  .  The  introduction  of  L-alanine  molecules 
in  the  lattice  of  TGS  (LATGS  crystals)  causes  an  internal  bias  field 

3 

vdiich  makes  the  crystal  permanently  single-domain  . 

Since  the  parameters  Involved  may  differ  from  scunple  to  sample,  it 
is  important  that  all  measurements  are  performed  on  the  same  sample. 

In  this  work  we  have  measured  the  specific  heat  and  the  pyroelectric 
coefficient  of  a  sample  and  with  the  data  we  obtain  the  electrocaloric 
coefficient . 

EXPERIMENTAL 

2 

The  sample,  0.8  cm  in  section  and  3  mm  high  along  the  ferroelectric 
axis,  was  cut  from  a  single  crystal  of  LATGS  grown  in  water  solution 
of  TGS  containing  1  mol  of  l-alanine  per  8  mol  of  glycine.  The 
experimental  device  is  based  on  the  rotating  disc  method  and  the 

4 

growth  procedure  is  described  elsewhere  . 

Measurements  of  the  specific  heat  were  taken  by  means  of  a  con¬ 
duction  calorimeter  designed  for  the  study  of  ferroelectric  materials 

5 

under  applied  electric  field  .  A  constant  power  is  supplied  to  two 
heaters  during  a  period  of  9  min.  A  stationary  regime  is  obtained  in 
vdiich  the  sample  reaches  a  uniform  temperature .  T  He  power  is  then  cut 
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off  for  a  second  period  of  9  min.,  during  which  the  e.m.f.  of  a 
thermopile  (96  thermocouples  of  chromel-conatantan )  caused  by  the  heat 
flux  exchanged  between  the  sample  and  the  calorimeter  block  is 
measured  with  a  HP  Data  adqulsltion  system.  The  e.m.f.  is  previously 
amplified  by  a  Kelhtley  146  Nanovoltmeter. 

The  pyroelectric  coefficient  wm  measured  by  a  <^namic  method.  The 
experimental  cell  for  the  measurements  was  used  previously^.  A  block 
of  aluminium  holds  two  rectangular  surfaces  of  brass,  each  containing 
an  electric  heating  element.  The  temperature  is  measured  by  two 
platinum  thermometers.  The  output  of  one  is  directed  to  a  Stanton- 
Redcrof  temperature  programmer  which  enables  us  to  work  with  a  thermal 
rate  of  1  K/min.  The  pyroelectric  signal  was  measured  with  a  Takeda 
Rlken  TR-8651  electrometer.  The  other  thermometer  and  the  electrometer 
were  connected  to  a  HP-Oata  acquisition  system. 


RESULTS 

In  figiire  1  the  pyroelectric  coefficient  p»(dP/dT)g  and  the 

specific  heat  (C)  are  shown  versus  the  temperature.  The  maximum  value 

2 

of  the  pyroelectric  coefficient  (.7  ftC/cn  K)  and  the  maximum  specific 
heat  jump  (*^.16  J/g.K)  are  lower  than  in  pure  TGS  (o'!  ^C/cm  K  and 
.28  J/g.K).  This  effect  is  due  to  the  internal  bias  field  (B=311V/cm, 
measured  by  hysteresis  loop)  Induced  by  the  L-alanine  molecules  inside 
the  crystal^ 

According  to  the  thermodynamical  model  of  an  uniaxial  ferroelectric 


crystal  the  following  relations  can  be  obtained: 

-T.p 

®=  p.C- 

l/e=  li.  P  +  C^.  (  /J.(T-T^)  +  3.y.P^)/^.P.T 


(1) 

(2) 


Wiere  e  =  (dT/dE)g  is  the  electrocaloric  coefficient,  p  the 

pyroelectric  coefficient, p  the  density  of  the  crystal,  T  the  critical 

o 

temperature,  (i  and  V  are  coefficients,  C  the  specific  heat  and  C  the 

o 

non  singular  part  of  the  specific  heat.  The  values  of  the  polarization 

P  are  obtained  from  the  state  equation  E  =  fl.(T  -T).P  +  V.P^.  The 

”  o 

electric  field  acting  on  the  crystal  is  E  »  E  +  B,  idiere  E  (=0)  is 

ex  '  ex 

the  external  applied  electric  field  and  B  is  the  internal  bias 
associated  with  the  L-alanlne  content^. 

A  A 

The  magnitude  of  B  shows  a  remarkable  temperature  dependence  ’ 
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within  ±1  K  of  T  .  In  this  region  B  decreases  in  the  form  B=a. (T.-T) 
o  I 

T^is  a  temperature  slightly  higher  than  T^.  In  this  case  the  electro¬ 
caloric  coefficient  is: 

1/e  =  fl.P  +  (C  .  0.(T-T  )  ♦  3.F.P^)/(B.P-dB/dT).T  (3) 

o  o 

In  figure  2  the  electrocaloric  coefficient  obtained  from  (1),  (2) 
and  (3)  are  shown  versus  the  temperature.  We  have  used  the  values: 

p=  1.69  g/cm^,  T  =  322.6  K,  T  =  323.5  K,  V=  6.25xlo\cm®/  C^, 

1 /?°  3  *  —1  —1 

a=  220  V/cm  K  '  ,  5=  4.2x10  Vcm/  C.K.,  C  =  1.33  J.g  K 

o 

The  behaviour  of  the  electrocalorie  coefficient  of  LATGS  can  be 

explained  by  the  fenomenological  theory  of  ferroelectricity  using  the 

equivalence  between  the  internal  bias  and  cm  external  electric  field. 

Near  T  the  experimental  values  of  e  are  higher  than  that  predicted 
o 

by  equation  (2).  The  discrepancy  is  solved  using  the  fact  that  the 
internal  bias  decreases  near  the  transition  and  then  the  equation  (3) 
must  be  used. 
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•)•)  Experimental  data  eq.  (1). 

-)  Theoretical  results  eq.  (2). 
.)  Theoretical  results  eq.  (3). 
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Abstracts  (Pb,  j^Gdjj)  (Zr  gTi  4)0,  was  prepared  using  the 
solid  solution  technique  ‘with  different  Gadolinium  ratios 
(x»0.0  &  0.5);  variation  of  Dielectric  constant  of  the 
pellets  prepared  from  these  powders  was  studied  as  a 
function  of  temperature  and  frequency.  The  results  on 
piezo**  and  pyro-electrlc  coefficients,  after  suitable 
corona  poling,  are  encouraging.  The  X-ray  diffraction 
patterns  were  studied  and  the  results  are  included  in  the 
paper . 

intro^Lurtion 

A  considerable  amount  of  work  is  being  done  on 
Ferroelectric  Ceramics  both  on  preparation  and 
characterisation  because  of  their  use  in  piezo  and 
pyroelectric  devices  poling  is  an  important 

criterion  for  their  device  applications.  Lead  Titanate  is 
a  highly  anisotropic  material  but  its  device  application 
is  restricted  due  to  the  difficulty  ^  poling  the  ceramic. 
This  is  because  of  high  c/a  ratio  in  PbTlO^.  Normally 
solid  solutions  of  PbTi03  with  PbZr03  are  made  with 
different  amount  of  lanthanum  doping.  The  lanthanum  doping 
has  a  marked  effect  both  on  the  dielectric  constant  and 
ferroelectric  coefficients  of  PZT  cereuilc 

In  the  present  work,  PZT  has  been  doped  with 
Gadolinium.  (Gd) .  The  preparation  technique,  pyroelectric, 
dielectric  and  structural  characteristics  of  Gd  doped  PZT, 
are  reported.  Gd  is  a  member  of  the  Lanthanide  series  and 
is  expected  to  yield  Interesting  results. 

Experimental 

The  Chemical  formula  of  the  ceramic  is 
(Zr  gTl  4)03  Where  x  -  0.0  &  0.5.  This  substitution  is 
assumed*  to  occupy  vacancies  in  the  Pb  position,  so  that 
the  structure  would  be  electrically  neutral.  The  starting 
materials  were  PbO,  Zr02,  Ti02,  6d203  obtained  from 
Aldrich  Chem.  Co.  USA.  These  oxides  were  mixed  in 
stoichiometric  proportions.  Extra  lead  oxide  (4%  by  weight 
to  the  lead  oxide  required  to  form  stochlometric  ratios) 
was  added  in  the  mixture  before  calcination.  This  is  to 
avoid  lead  losses  during  calcination  and  sintering.  It  was 
then  dried  and  calcined  at  800  C  for  two  hours.  To  the 
calcined  powder  4%  by  weight  Polyvinyl  alcohol  (PVA)  was 
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added  as  a  binder  and  nixed  thoroughly.  The  mixture  was 
coapacted  to  fom  pellets  of  Icn  diameter,  using  a  die  and 
hydraulic  press,  under^  a  load  10  tons,  ^e  pellets  were 
then  sintered  at  950  C,  1150  C  and  1250  C  in  different 
batches.  During  sintering  the  samples  were  heated  upto 
600  C  very  slowly  (3  C/min)  to  aviod  bending  or  cracking 
of  the  samples.  The  samples  were  then  taken^  to  final 
sintering  temperature  at  a  heating  rate  of  5  C/min  and 
were  maintained  at  that  temperature  for  two  hours.  The 
sintering  was  done  in  a  closed  Alumina  crucible  in  lead 
atmosphere.  PZT  samples  were  also  prepared  in  the  seme 
way.  The  denfitles  of  differfnt  samples  were:, 

(950  C)  (1150  C)  (1250  C) 

PZT  6.47  6.625  6.984 

PGZT  5.57  5.797  5.912  , 

As  the  density  of  samples  prepared  at  1250  C  is 
maximum  the  data  given  is  for  these  samples  unless 
otherwise  me  Honed. 

The  X-Ldy  dlffractograms  of  these  samples  were  teUcen 
using  Cu  radiation  on  a  Rigedcu  diffractometer.  The 
voltage  and  current  ratings  used  for  the  present 
experiment  wefe  40  KV  and  30  mA  respectively.  X-ray  scan 
speed  was  10  /minute.  Dielectric  measurements  were  done 
using  a  Hewlett-Packard  impedance  analyser  model  no. 
4192A.  Quick  drying  silver  paint  electrode  was  used  for 
these  and  other  electrical  measurements.  Samples  were 
corona  poled  at  a  corona  voltage  of  7  kV  and  current  50  uA 
for  pyroelectric  coefficient  measurements.  The 
pyroelectric  current  was  measured  at  a  heating  rate  of 
4  C/mln  on  a  Keithley  610C  electrometer.  The  pyroelectric 
coefficient  was  calculated  using  the  relation: 

P  =  (I/A)/(de/dt) 

Where  I  is  the  pyroelectric  current;  A  is  the  sample 
electrode  area;  de/dt  is  the  heating  rate. 

d33  measurements  on  the  corona  poled  ssunples  were 
done  on  a  Pennebaker  Model  8000  Piezo  d33  tester.  The  dj^ 
measurements  were  done  on  an  indegeniously  designed  dw 
measurement  assembly.  It  has  a  hydrostatic  pressure  vessel 
containing  the  sample  holder.  The  charge  that  develops  on 
the  sample  charges  a  standard  capacitor  (.l|yiF).  The 
voltage  on  the  capacitor  is  recorded  on  an  Omniscribe 
recorder  and  the  corresponding  pressure  change  is 
monitored  on  a  manometer. 

Differential  scanning  calorimetric  thermograms  of  the 
samples  were  taken  on  a  DuPont  DSC  meter. 

RegttltS  &  Discussion: - 

Representative  X-ray  diffractograuns  of  PZT  and  PGZT 
are  sho%m  in  Fig.l  and  2  respectively.  PZT  and  PGZT  plane 
giving  rise  to  diffraction  peedcs  are  also  identified  in 
these  figures.  The  presence  of  well  resolved  peaks  due  to 
(002)  and  (200)  Diane  Indicates  that  the  material  is  in 
tetragonal  form^^^.  The  c/a  ratio  for  PZT  and  PGZT  was 
found  to  be  1.02  and  l.Ol  respectively.  No  appreciable 
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rig  1.  x-ray  diffractograa  of  PZT 
coraaic. 


Fig  2.  X-ray  diffraetogram  of  PGZT 
(5%  Gd  dopad)  coramlc 
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Chang*  in  tha  paak  poaitlona  vas  obaarvad.  Tha  abaanca  of 
any  naw  paak  in  P6ZT  indlcatas  that  Gd  goas  Into  tha  laad 
vacancias  without  distorting  tha  PZT  lattica.  Hara  it  is 
partinant  to  nota  that  although  4%  by  waight  axtra  laad 
was  introducad  in  tha  saspla  bafora  sintaringi  wa  cannot 
rula  out  tha  possibilltlas  of  laad  vacancias  dua  to  tha 
avaporation  of  laad. 

Tha  Diffarantial  scanning  caloriaatric  tharaogran  of 
P6ZT  saapla  is  shown  in  Pig. 3.  Tha  curia  transition 
tanparatura  o/  tha  saiqpla  is  as  indicatad  by  Pig.  3.  is 
around  323.97  C.  Tha  curia  taapgrat^a  for  60:40  ZrTiO^  : 
PbTi03  ccmposition  is  abova  400  C  This  suggasts  that 
Gd  doping  dacraasas  tha  curia  transition  tasparatura  of 
PZT.  Similar  rasults  wara  also  obsarvad  in  La,  Sn  doping 
in  PZT 

Tha  raprasantativa  curvas  showing  dialac^ric  constant 
t*  varsus  fraquancy  at  Roon  taiparatura  (30  C)  for  both 
PZT  and  PGZT  ara  sho%m  in  Pig. 4  ,  whila  tha  variation  of 
C'  with  tanparatura  at  l  kHz  is  shown  in  figuras  5  6  6. 
Tha  affact  of  sintaring  tanparatura  on  E'is  also  sho%m  in 


Temperature  C 


3  7.  verl.tlon  of 

•fficient  of  enS  PGZT  with 

■perature 


those  figures.  It  can  be  seen  from  these  graphs  that  tha 
variation  of  dielectric  constant  with  tanparatura  and 
fraquancy  shows  nomal  behaviour  of  a  dipolar  natarial  and 
is  sinilar  to  PZT  in  this  tanparatura  and  fraquancy 
ranga^^J.  The  value  of  dielectric  constant  of  the  Gd  doped 
PZT  is  lower  than  that  of  undopad  PZT.  This  could  be  due 
to  tha  snallar  tetragonal  distortion  in  PGZT  sanplas 
coBqparad  to  PZT,  tdiich  nay  laad  to  lesser  dipole  nonent  of 
PGZT  unit  call.  Moreover,  tha  lower  density  of  PGZT  nay 
also  contribute  to  tha  obsarvad  low  value  of  E'  conparad 
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to  PZT.  The  effect  of  density  on  C'  is  evident  from  the 
Increase  In  E'  with  the  increase  In  sintering  temperature. 

The  variation  of  pyroelectric  coefficient  with 
temperature  for  both  PZT  and  PGZT  is  shown  in  Fig.  7.  it 
was  found  that  the  pyro  coefficient  increases  with  the 
increase  in  temperature.  The  piezoelectric  d33  and  dj^ 
coefficients  of  PZT  were  found  to  be  125  andT  15  pC/N, 
while  for  Gd  doped  PZT  these  values  were  200  pC/N  and  26 
pC/N  respectively.  The  voltage  sensitivity  g^  for  Gd  doped 
PZT  was  12x10*^  .Vm/N  which  is  higher  than  that  of  undoped 
PZT.(5.64x  10~^  Vm/N) .  This  suggests  that  Gd  doping 
facilitates  the  poling  of  PZT.  The  results  are  compared 
with  Lanthanum  doped  PZT  in  table  l. 


Table  1.  Comparison  of  PGZT  with  PLZT* 


C' 

p^  nC/cm^/K 

Pi/E'Eo 

Jh_ 

‘*h-9h 

PZT 

826 

8.20 

1.154 

41 

1.34 

54.94 

PLZTt”^! 

1200 

17.4 

1.638 

40 

3.76 

150.49 

PGZT 

521 

20 

4.332 

21 

5.23 

135.93 

\ - / 


*  The  unit  for 


dw  is  pC/N 
is  xl0"f 


*h-9h 


is  xlO  m^/N 


It  can  be  concluded  on  the  basis  of  these  results  that 
Gd  doped  PZT  is  a  better  material  than  PLZT  for  the 
development  of  pyroelectric  devices.  The  above  result  also 
indicates  that  the  piezoelectric  figure  of  merit  is 
comparable  with  that  of  PLZT  and  hence  a  good  candidate 
for  its  use  in  piezoelectric  devices. 
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CHARACTERIZATION  OF  FERROELECTRIC  LITi03  THIN  RLM 
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Abstract  Ferroelectric  liTa03  thin  films  were  grown  usii^  an  RF 
sputtering  method  from  a  monociystalline  target  on  heated  suMtrates  of 
LiTa03.  silicon  and  sapphire.  The  structure  and  composition  of  obtained 
films  were  diedced  tty  means  ot  XRD,  AES  and  RBS  spectroscopies.  The 
analysis  of  results  showed  that  the  films  were  preferennalty  oriented  with 
the  c-axis  perpemlicular  to  the  surface  of  substri^  and  stoichkMnetric. 


INTRQDUCTLQM 

For  sensitive  pyroelectric  detectors,  crystalline  liTa03  is  a  material  of  chmce  due 
to  excellent  figure  of  merit  and  other  desirable  fabrication  diaracteristics.^*^  With 
the  advances  in  the  methods  of  deposition  of  thin  film  farroelectrics,  die  situation 
should  be  reconsidered.  The  main  thrust  of  researdi  in  thin  film  and  int^rated 
ferroelectrics  has  been  directed  toward  the  nonvtdatile  ferroelectric  memories, 
whidi  do  not  require  the  preferentialty  (uiented  material  as  it  is  the  case  with 
pyroelectrics.^  For  this  orientation  requirement  the  reactive  RF  qwttering 
deposition  method  has  been  selected.  Ideally,  one  should  aim  for  the  perfect 
epitaxial  film  growth  with  the  figure  of  merit  equal  to  the  bulk  crystalline  material. 

Excellent  thin  film  pyroelectric  detectors  have  been  obtained  Ity  Takityania 
et  aL^  made  from  La-modified  PbTiC)3,  deposited  on  omnted  Pt  film  and  deaved 
MgO.  On  the  other  hand,  reported  liTa03  detectors  have  been  made  from 
polyciystalline  films.*^^  Their  performance  so  far  does  not  matdi  ccNiqiarable 
detedors  made  from  thirmed  oystalline  materiaL 

While  there  are  reports  on  the  growth  of  miented  LiNbC^  film,  there  is 
little  on  liTa03^^  ,  vriiidi  has  similar  properties.  It  nuty  not  be  ahmtys  the  case  as 
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far  as  the  film  formation  is  concemed.^^  The  en^hasis  of  this  report  is  on  the 
growth  of  IiTa03  thin  films  on  various  substrates  and  their  structural  composition. 


EXPERIMENTAL 

We  employed  the  RF  magnetron  reactive  guttering  method  (see  conditions  in 
Table  I).  For  the  target  we  used  monocrystalline  LiTa03  blodc  of  45  mm  diameter 
and  8  mm  thickness.  The  substrates  used  were  (111)  silicon,  fused  sapphire, 
metallic  Pt,  and  (001)  liTa03  and  deposition  was  made  on  cold  and  600  *C 
heated  surfaces. 

Due  to  our  target  -  substrate  separation,  the  RF  power  was  important 
parameter.  Lowering  the  power  tends  to  increase  the  quality  of  films^  until 
reaching  the  range  of  nonstoichiometry.  The  structural  characteristics  and 
compositions  were  checked  by  means  of  XRD,  AES,  RBS  and  SEM  methods.  The 
thickness  of  films  were  checked  by  means  of  a  profilometer  and  were  measured  to 
be  200  •  250  nm. 


TABLE  I.  Deposition  parameters. 


Parameter 

Value 

Target  dia. 

45  mm 

Separation 

20  cm 

RF  power 

350  W 

Pressure  O2 

4-4.6x10^  mbar 

Pressure  Ar 

2x10*3  mbar 

Deposition  rate 

60mn/h 
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RESULTS  AND  DISCUSSION 

The  degree  of  oystallinity  and  orientation  was  chedced  XRD.  lMg.1  shows  the 
film  deposited  on  the  cold  (111)  silicon  and  then  thermally  treated  for  1  hour  at 
600  *C  The  film  was  amorphous  after  deposition  and  dea^  reverted  to 
polyoystalline  form  after  treatment  with  the  residual  amorphous  phase  that  is 
rather  weak.  The  analysis  of  this  q)ectrum  shows  identical  peaks  with  the  single 
crystal  powder  result  The  (006)  peak  is  much  smaller  that  the  (104)  peak.  We 
have  also  tried  various  heat  treatment  regimes  as  well  as  the  deposition  on 
sapphire  substrate.  The  resulting  XRD  peaks  were  slightly  shifted  from  the  powder 
diffraction  peak  positions  due  to  internal  stresses.  The  treatment  used  in  Hg.1 
showed  the  least  deviation  from  the  single  crystal  powder. 


15  20  25  30  35  AO 

e  (degrees) 


FIG.l.  XRD  diffraction  spectrum  of  LiTaOj  polycrystalline 
annealed  film  grown  on  (111)  sihcon. 
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The  film  obtained  on  the  600  heated  (111)  silicon  produced  XRD 
spectra  as  shown  in  FigJ.  Comparing  this  result  with  that  of  Fig.1  we  find  that  the 
spectrum  exhibits  only  prominent  peaks  at  (104)  and  (006),  thus  indicating  the 
preferred  c-axis  orientation  of  grown  film  perpendicular  to  the  surface  of  the 
silicoiL  It  should  be  noted  the  markedly  different  peak  ratio  as  obtained  in  1^1. 
Now  the  (006)  peak  is  very  prominent  The  spurious  0  a:  13  J  *  peak  (labeled  with 
X)  has  been  discussed  earlier^^  and  was  then  attributed  to  silicon  substrate.  We 
have  found  this  peak  in  the  case  of  both  silicon  and  (001)  LiTa03  substrates. 


B  (degrees) 

FIG.  2.  XRD  diffiaction  spectrum  of  LiTaOi  oriented  film  grown  on 

(111)  silicon  at  600  C 

Due  to  reports  on  possible  stoichiometric  con^rosition  problems^^^  we 
performed  careful  checks  on  the  films  deposited  on  cold  and  heated  silioon 
surfaces.  HgJ  shows  the  Auger  electron  spectroscopy  (AES)  depth  profile  for  the 
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latter  surface.  The  result  shows  that  the  obtained  film  had  the  ratio  for  LirTa-O 
calculated  to  1:1:3  by  taking  into  account  the  relative  Auger  sensitivities  of  the 
elements.^^  The  same  result  was  obtained  also  for  the  unheated  surface.  The 
depth  profile  indicated  homogeneous  comp(»ition  throughout  the  thin  liTa03 
film  as  well  as  the  residual  carbon  impurities. 

To  further  determine  oj^gen  and  tantalum  contents  the  Rutherford 
backscattering  spectroscopy  (RBS)  with  UMeV  hydrogen  ions  was  used,  ing.4. 
The  spectrum  shsws  strong  tantalum  and  mudi  weaker  oo^gen  peaks  (lithium 
could  not  be  resolved).  The  solid  lines  represents  the  model  calculation  from 
which  we  could  determine  that  the  tantalum  vs.  oi^en  ratio  should  be  placed 
between  1:2J  and  1:3. 


Milling  time  (min] 


FIG.  3.  AES  depth  profile  obtained  from  LiTa03  thin  film  deposited 
on  (111)  silicon  at  600  *C 

In  conclusion:  we  have  grown  the  polycrystalline  and  oriented  LiTa03  thin 
films  with  a  good  stoichiometric  composition.  At  presently  it  is  not  entirely  dear 
wl^  such  composition  is  found  with  single  ciystal  targets  while  in  the  case  of  usual 
powdered  ones^  the  excess  of  L^O  was  required. 
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FIG.  4.  RBS  spectrum  obtained  from  IiTa03  thin  film  deposited  on 
(111)  silicon  at  600  *C  The  solid  line  represents  the  model 

calculation. 
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EITECT  OF  MOISnJRE  IHE  BLECinCAL  PROTBRnES  BIAXIALLY 

SriRETCIlEDP(H.YVINYLIDENEFUX>RIDB  (PVDF)  FILMS 


PAULO  ANK^O  RIBEIRO.  M.  RAP080  and  J.  N.  MARAT-MQIDES 
Faculdade  de  Clteclas  e  Tecnologla  *.  Unlvereldade  Nova  de  Uaboa. 

Torre.  2825  Monte  da  Ci^Milca*  PORTUGAL 

Abatract  Flhna  of  bUudalfy  stretched  Polyvtn^Udenefluortde  (PVDF1  po^ymera 
were  charged  by  corona  discharge  under  humidtty  controlled  atmo^herea.  The 
sui&ce  potential  bulhip  la  observed  to  have  a  first  increaae  foDoived  by  a  plateau 
like  region,  after  adilch  a  later  stage  the  auiface  potential  grows  again  reaching 
a  mazlmun  value  and  decreasing  again  slowly.  The  maxim  vim  t^ue  reached 
depends  tm  the  humidity  content  The  higher  the  humidity  content,  the  lower 
the  value  of  the  maximum  observed.  This  behaviour  is  explained  in  terms  of 
protonic  motion  due  to  water  absorved  In  the  bulk  of  the  sample. 


The  effect  ol  moisture  In  the  electrical  properties  of  polymer  films  has  been 
reported  before.  It  was  shown,  for  a*  PVDF  samples,  that  the  evanescent  transient 
current  In  step-voltage  measurements^  and  also  the  buildup  potential  In  corona 
charging  measvirements  for  aandjl  PVDP^'S  are  strongly  dependent  of  moisture.  The 
results  were  partly  explained  by  the  drift  of  charges  generated  by  the  Ionic 
dissociation  of  the  absorbed  water  mcdecules  In  the  bulk  of  the  sample. 

A  slstematlc  study  of  the  potential  buildup  curves  of  constant  current  charging 
blaxlally  stretched  PVDF  samples  In  different  humidity  atmospheres  was  first 
carried  on^.  The  presence  of  a  saturation  voltage  maximum  and  a  subsequent  alow 
decay  was  attributed  to  ionic  conductivity  due  to  water  dissociation  and  the 
equillbrtum  of  water  molecules  and  Its  ionic  spedes.  In  this  work  we  studied  further 
the  humidity  Induced  conductivity  in  PVDF  samples. 

EXPERIMENTAL  SETUP 

Figure  1  shows  the  corona  trlode  we  have  developed  m  order  to  study  the  buildup 
of  the  surface  potential  samples  charged  with  a  constant  corona  cvirrent  for 
various  dogrees  of  humidity. 

*  and  Centro  de  Flslca  Molecular  das  Unlversldades  de  Lisboa  QNIC) 
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FIGURE  1  Schematic  circuit  of  the  corona  trtode  far  chaigtng  aampies  with 
constant  cuimit.  Vg  and  Vc  are  htg^  voltage  power  supplies. 

The  triode  is  basica%  foxmed  by  a  corona  point,  a  metallic  plate  and  a  gild  in 
between.  A  guard  ring  on  the  plate  pievents  the  surface  currents  from  reaching  the 
measuring  electrode  (plate).  The  grid  is  a  Painless  steel  mesh  of  7SO  ton  qpaced  wire  of 
160  |im  In  diameter.  The  grid  to  point  distance  was  11  mm  and  the  distance  plate  to 
grid  was  2  mm.  The  plate  current  lo,  was  kept  constant  by  means  of  a  proportional 
Integral  controller  driving  the  gird  voltage  Vg,  and  the  corona  current  Ic.  was  allways 
kept  at  4  pA  by  the  supi^y  Vc. 

The  sample  potential  V(t).  Is  determined  by  means  of  the  grid  voltage  using  the 
equation^: 

VW=Vgjt).Vr  (1) 

where  Vg(t)  and  Vj.  are  the  grid  voltage  and  the  potential  difference  across  the  air  gap. 
respectively.  For  each  set  of  experimental  conditions  •  values  of  Iq,  Ic.  humidity 
content.  Vf  was  determined  before  the  charging  process  with  a  bare  sanqde  older(in 
this  case.  VieVg). 

The  samples  were  12  pm  thick,  circular  foils  of  biazially  stretched  PVDF  film 
manufactured  by  Kureha  Chemical  Industries  Company  Ltd.  The  foils  have  a  degree  of 
crystallinity  of  about  50%  with  crlstalllne  parts  consisting  of  nomlnaly  equal 
amounts  of  a  and  fi  phases.  Circular  aluminium  dectzodes  of  15  mm  diameter  and 
500  A  thick  were  vacuum  evaporated  on  one  side  of  the  samples.  The  samples  were 
kept  stretched  with  the  help  of  a  metallic  ring  (holder)  during  the  charging  process. 
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Figure  2  shows  typical  curves  of  the  potential  buildup  versiaa  time  of  positively 
chaiged  samples  in  diy  air  (O  %  H.R)  and  in  various  degrees  humlddy  atnioq>heres 
with  a  constant  current  density  of  Jo  *  ITnA/cm^.  Each  sample  was  previously 
charged  in  a  dry  air  and  afterwards  its  surface  charge  was  neutralised  by  esposing  the 
sample  to  the  corona  ions  of  opposite  polarity,  then  It  was  submited  to  a  new 
chaigmg  process  in  the  required  humidity  content.  Similar  results  are  obtained  for 
negatlvety  charged  samples. 


FIGURE  2  Ihe  buildup  of  the  surface  potential  for  samples  posltlvety  charged 
under  different  humidity  conditions.  Prior  to  the  measurement,  each  sample  was 
previously  charged  vinder  dry  air  with  negative  corona. 


Dry  air  curve  plainly  shows  the  ferroelectric  behaviour  of  PVDF  sample  .  One 
can  distinguish  three  distinct  r^lons:  1)  a  Initial  fast  increase  of  the  potential 
associated  with  the  capacitive  behaviour  of  the  sample;  il)  a  plateau  like  region  due  to 
dipole  orientation  and  111)  another  r^lon  of  last  potential  Increase  since  the  dipoles 
had  already  been  oriented. 

By  opposition  curves  of  potential  buildup  In  humid  air  present  lower  values  of 
the  potential  for  atmiinr  ttma*  and  a  maximum  potential  value  Vm  is  attained.  Also  a 
slow  decay  is  observed  after  this  maximum. 

Since  no  surface  current  is  observed  or  charge  iigectlon  firom  the  corona  wind 
qiecies^  it  should  be  concluded  that  the  effect  is  due  to  ionic  conduction. 

This  decrease  on  the  saturation  of  the  surface  potential  with  the  humidity 
content  Is  interpreted  as  an  increase  in  the  condixrtlvity  of  the  sample<  vdiich  should 
be  linked  to  the  conduction  due  to  the  presence  of  the  water  in  the  bulk  of  the  pr^ymer. 
This  can  be  clearly  seen  if  one  writes  that  the  total  current  density  Jq.  which  Is 
constant  during  the  charging  process  components: 
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Jo  •  e-jj— 


(2) 


dPtx.t) 

where  e — ^ —  and  — are  the  displacement  current  component  due  to  free 

charge  and  d^olea  and  Jc(x.t)  ta  a  conduction  current  through  the  aarnple.  The 
dlqdacement  tenna  erplaln  the  continuous  increase  of  the  surface  bufldup  potential 
regions  and  the  plateau  like  region  m  dry  air.  where  no  significant  conduetkm  Is 
taking  place.  On  the  erther  hand  fiar  PVDF  charging  in  humid  air  a  conducUon  current 
term  is  necessary  to  explain  the  aattiration  of  the  surface  potentlaL 

It  has  also  been  observed  that  a  strait  line  is  obtained  if  one  plots  the 
maximum  surface  potential  values  versus  the  chamber  relative  humidity  content. 
Figures. 


FIGURES  Themaxlmumvottage.Vin.  attained  during  the  diargkig  process 
as  a  function  of  the  relative  humidity. 


This  effect  is  similar  to  that  occuring  in  porous  ceramics  where  the  electric 
resistivity  decreases  lineary  with  relative  humldlty^'^.  As  in  ceramics  the  increase 
of  the  conductivity  taay  be  related  to  the  water  adsorbed  in  the  walls  of  the  pores  of  the 
materlaL  The  dissociation  of  the  water  uilecule8intoH''’andOH*lonmityleadtoan 
lomc  conductlvtty  process. 

In  the  polymer  the  water  molecules  may  be  adsorbed  on  the  interfaces  of  the 
lamellar  folded  crystalMe  chains  of  the  potymer  and  with  increasing  humidity, 
further  hyers  of  water  are  adsorbed  and  dissociated. 

The  conductlvtty  should  then  be  due  to  proton  exchange  according  with  the 
equation: 

HaO*-  +  H2O  «-»  H2O  +  UgO*- 


(3) 
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Tills  piQcess  has  also  been  suggested  for  cenmlcs^  and  is  a  characteristic 
conduction  fenomcna  In  a  medturn  where  water  Is  laeaenL 

Tills  one  carrier  transport  process  Is  compatible  with  the  shnllailly  of  the 
sui&ce  potential  bukhip  curves  for  positive  and  negative  diaigtog  as  reported 

Since  surface  buildup  curves  are  atmUar  for  samples  charged  ettho^  posltlvejgr 
or  negatively,  we  believe  that  we  are  In  the  i»esence  of  one  carrier  conduction  process 
associated  to  a  pnkon  tranfer  In  the  aanqile. 

Protonic  conduction  In  PVDF  has  been  repeated  before^.  Acaadlng  to  this 
reference,  it  has  been  suggested  that  protons  generated  by  dissociation  of  adsorbed 
water  nudecules  penetrate  In  the  polymer.  Since  PVDF  diarghig  In  a  dry  atmo^here 
of  7.S%  hidrogen.  92.5%  nitrogen  does  not  show  charge  nyectlon^.  the  laoton  tranfer 
must  be  associated  with  the  water  of  the  sample. 


We  also  studied  the  eflfect  of  the  charging  current  on  the  buildup  of  the  polymer 
surface  potential  at  constant  relative  humidity.  Figure  4  shows  results  for  negative 
charging  of  PVDF  samples  In  60%  H.R 


Time  (s) 

FIGURE  4  The  buildup  of  surface  potential  for  negatively  charged  samples  with 
different  charging  currents  under  60%  RH.  atmoqihere. 

As  usual  these  samples  were  previously  charged  m  a  dry  air  atmoqdieie.  Results 

for  positive  charging  are  similar. 

If  one  plots  the  maximum  of  the  surface  potential  attained  In  each  charging 
process  versus  current,  a  square  root  dependence  is  found  for  both  positive  and 
negative  charging  processe^*^.  adilch  means  a  process  of  excess  of  charge  carrier 
transport.  Calculations  of  the  carrier  mobilities  under  60%  H.R.  give  values  of  4.8 
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•10*10  vat^/Vn  and  3.5  *10*10  vd^/wm  for  poaMIre  and  ncgattre  chaigini  proceaaca 
reqiectiv^.  The  afodtaulty  of  theae  vahiea  aupport  the  one  carrier  idea. 
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INTERACTION  OP  CORONA  DISCHARGE  SPECIES  WITH  TEFLON-PEP 
(FLUCHlOETHYLENEPROPirLENE)  FOILS 


MARIA  RAP06O,  P.  A  RtBEIRO  and  J.  N.  MARAT-MENDES 
FacuMade  de  Cttnclaa  e  Tecnologla  *.  UiUveraldade  Nova  de  Ltabasu 
Torre.  2825  Monte  da  Capailca.  P. 


Abatract  Negatively  corona  dlschtuge  la  a  practical  method  of  Introducing  electrical 
chargea  In  dielectrica  to  produce  ekctreta.  Reaulta  have  ahown  that  the  Tellon-FEP 
(fluoroethylenepropylene)  electret  charge  atablllty  la  dependent  on  the  corona 
atmoapheres.  We  have  carried  out  chari^ng  experimenta  on  atmoaphere  of  COg.  Og.  Ng. 
dry  air  and  humid  air.  The  charge  stability  has  been  studied  Ity  surface  charge  and 
thermalty  stimulated  discharge  fTSO)  measurements.  The  corona  process  induces 
electroiu.  ions  aikl  neutral  aperies.  The  charged  apeclen  trsmafer  theta-  electrical  charge 
to  pcd^ner  sur&ce  traps.  The  activated  neutral  qieclea  interact  artth  the  potymer  aurfsce 
creating  new  traps  or  motUtying  thejmexlating  ones,  being  reaponalble  for  the  decrease 
of  the  electret  charge  stability.  This  effect  Is  strongly  dependent  on  the  corona 
atmoaphere  and  charing  time. 


Corotu  charging  In  air  to  one  of  the  moat  used  methods  for  introducing  electrical  chargea 
In  prdymers  to  produce  electrets^'^.  The  diarges  are  known  to  remain  at  the  potymer  aurfooe  or 
near  it^.  Studies  of  the  electrets  charge  stability  using  thermally  stimulated  depolarization 
current  measurements  fTSD)  of  Tellon-FEP  (fluoroeth^nepropjdene)  potymers^,  show  that  the 
corona  polarization  UrtK  and  current  influence  the  charge  stability  and  therefore  the  electret 
llfetlrrM.  This  was  attributed  to  the  molecular  species,  formed  the  process  of  in  corona 
discharge,  impinging  on  the  surface  of  the  potymer.  In  order  to  further  understanding  this 
process  it  to  necessary  to  study  the  effect  of  the  interaction  of  the  various  corona  molecular 
species  with  the  potymer  surfoce. 

In  this  way  we  carried  on  corona  charging  eiqreriments'of  Teflon-FEP  samples  In  various 
controlled  atmospheres  (Ng.  COg.  Og.  dry  air  and  humid  alr)^.  Thermally  stimulated 
depolarization  current  measurements  of  these  samples  show  that  different  molecular  species 
fmmed  in  the  corona  discharge  have  an  effect  on  the  prdymer  iiMdiflcatlon  of  surfoce  states  in 
different  wtys. 

EXPERIMENTAL  SETUP 

A  special  ccatma  setup  was  developed  for  discharges  under  controlled  atmospheres.  This 
setup  to  schematlcalty  represented  in  Figure  1.  It  coiwtots  essentlalty  of  a  qrlindrical  vacuum 
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chamber  50  cm  high  and  30  cm  In  diameter.  The  chandler  la  connected  to  a  hl^  vacuum 
qratem.  with  a  Unk-up  far  gaa  admittance.  A  hocttontal  Qange.  with  connections  lor  high 
voltage,  current,  a  humidity  aenaor.  heating  realatancea.  electilcal  motora  and  fMdthrou^ia  far 
theimocouplea.  Joining  the  lower  and  the  iqiper  parts  of  the  chamber.  This  flange  alao  holda  the 
mechanical  supports  for  a  corona  trlode.  a  fan.  and  a  shutter.  The  corona  trlode  Is  compoaed  of 
a  flat,  horizontal  metallic  plate  (sample  holder).  15  mm  In  diameter,  electrical  Isolated  6om 
the  chamber,  a  91d  30  mm  In  diameter,  made  ofa  mesh  ofTSO  pm  spaced  steel  wires  of  160  pm. 
and  a  corona  tip  made  of  a  stainless  steel  sewing  needle  (Figure  1).  The  distance  between  tip  to 
grid  and  grid  to  sample  Is  6  mm  and  5  mm  respectively.  The  trlode  was  used  In  the  constant 
voltage  mode  as  Indicated  In  Figure  1.  with  a  negative  high  voltage  regulated  power  supply 
connected  to  the  Up.  A  voltage  of  350  V  was  applied  to  the  sample  holder.  All  the  charging 
expertments  were  performed  under  1  atm  pressure. 


FIGURE  1  a)  -  The  Corona  Chamber.  1 -.manometer.  2-Covona  Op  (sewing  needle);  3- 
Metalllc  Grid;  4-  Electret :  5-Metalllc  sample  holder  (BiKk  electrode);  6-  to  vacuum  pump  and 
gas  Inlet;  7-  Horizontal  flange,  b)  -  The  Corona  Trlode. 

A  metallic  shutter  operated  by  remote  contrde  Is  placed  between  the  grid  and  the  sample 
to  allow  the  control  of  the  charging  time.  A  gas  flux  with  a  speed  of  5  ms'^  could  be  forced 
between  the  grid  and  the  sample,  when  required.  Ity  a  fon  conveniently  placed  Inside  the 
chamber.  Samples  were  fllms  of  Teflon-FEP  (Dupont),  12.7  pm  of  thlckneas.  with  a  15  mm 
diameter  500  A  vacuum  evaporated  aluminium  electrode  In  one  side.  The  Wln»«  were  kept 
slightly  stretched  by  two  concentric  stainless  steel  rings  with  an  Interrwl  diameter  of  25  mm. 
The  urunetalUaed  surfoce  was  exposed  to  the  corona  discharge.  Measurements  of  the  sampir 
surfoce  potential  were  performed  with  a  electrostatic  capaclttve  probe.  Trek  Modd  344-3  at  a  2 
mm  distance  from  the  sample.  TSO  current  measurements  were  performed  with  an  air  gap, 
using  a  low  noise  system.  This  set  up  Is  enclosed  In  a  long  and  heavy  metallic  cylinder  with  the 
connection  to  the  electrometer  for  awi^  fiom  the  heating  source.  An  heating  rate  of  3.5  *C/mln 
was  used.  The  distance  between  the  sample  and  the  upper  measuring  electrode  eras  1  mm. 
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Corana  Ch^glM  EWCrtlMIltl  IR  YirtBUt  AtoiMPhBM 

S«iin>>es  of  TeOon-PEP  were  corona  chaifed.  with  •  ourfoce  potential  of  350  V.  imrter 
atmoapheres  of  N2>  CO2. 02.  cby  air  and  humid  air  fcr  vuloua  Ume  periods.  NegaUwe  corona 
currents  of  20  |iA  were  used  In  aU  expertmenta.  Results  of  charge  stdMlIty.  obtained  by  the 
thermally  stimulated  depolartxatlon  technique  of  samples  charged  under  different 
atmospheres  during  10  seconds  and  30  minutes  are  shown  In  Figures  2  and  3.  reapectlwe^. 


FIGURE  2  TSD  results  of  Teflon-  FKSURE3  TSD  results  of  Teflon- 

FEP  samples  charged  during  10  seconds  FEP  samptes  charged  during  30  minutes 

under  various  gss  atmospheres.  under  various  gas  atmospheres. 

These  results  show  that  fm:  short  char^g  time  (lOiU.  independently  of  the  corona 
diacharge  atmosidieres.  all  thermoffRams  present  a  single  current  peak  centered  at  200^7.  Ihls 
current  peak  la  Interpreted  fay  assuming  the  rdeaae  of  electrical  diaiges  from  the  surface  traps 
during  the  heating  process.  The  extotence  of  a  single  current  peak  means  that  a  single  type  of 
traps  Is  involved.  Calculation  of  the  activation  energies,  using  the  Initial  current  rise 
method^’^*^  give  a  value  of  1.9  eV.  For  longer  charging  times,  only  for  polarization  uixler  Ng 
atmosphere  the  thermogram  presents  the  sln^  current  peak,  while  for  the  others 
atmospheres,  the  thermograms  present  new  peaks.  Therefore  the  atmosphere  of  cruona 
charging  has  an  Influence  on  the  charge  trapping  by  the  samples  far  longer  exposure  times.  For 
charging  In  CO2  during  30  minutes  the  results  show  a  clear  peak  with  a  maximum  at  120*C.  to 
which  corresponds  an  activation  energy  of  1.4  eV.  Ffar  other  gss  atmos|dieres  a  broad  barkl 
appears  between  100  *C  and  180  *C. 

Measurement  of  the  sample  surface  potential  distribution  taken  Immediately  after  the 
charging  process.  Miow  that  a  good  charge  uniformity  is  obtained  in  every  experiment. 
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In  the  process  of  the  corona  discharge  there  Is  the  formation  of  charged  particles  and 
neutral  activated  species^' In  order  to  account  for  the  effect  of  each  we  carried  out 
experiments  with  a  gas  flux  forced  tangentially  to  the  electret  surface  during  the  charging 
process.  The  charged  particles  follow  the  efectrlc  field  lines.  The  species  without  charge 
deviated  from  th^  normal  trajectories,  not  Interacting  with  the  polymer  surfece. 

Figure  4  shows  thermal  stimulated  current  curves  of  taro  samples  charged  during  30 
minutes  in  a  CO2  atmosphere.  Curve  I  refers  to  a  sample  charged  in  the  normal  way  Le.  as  that 
<d'  Figure  3.  Curve  II  was  obtained  from  a  sample  charged  uixler  the  forced  gas  flux.  The  major 
differences  between  the  two  curves  is  the  120*C  current  peak  which  is  absent  in  the 
thermogram  of  the  sample  charged  under  the  forced  gas  flux.  Therefore  we  associate  that 
current  peak  with  the  neutral  activated  species  impinging  upcm  the  polymer  surfoce  and  which 
are  believed  to  change  the  physical  propertlea  of  the  surface  ^  ^  by  the  formation  of  new  traps. 
The  blowing  of  the  gas  flux  over  the  sample  surface  during  the  charging  process  under  other 
corona  atmospheres  leads  also  to  thermograms  with  a  single  peak  as  in  Figure  2.  This  suggests 
that  for  short  charging  times  under  these  atmospheres  and  for  the  corona  current  used,  the 
amount  of  neutral  species  Interacting  with  the  sample  surfoce  might  be  small. 


FIGURE  4  TSO  results  of  the  samples 
charged  during  30  minutes  in  CO2  •  Curve  I  - 
usual  charging.  Curve  II  -  using  a  forced  gas 
flux  during  the  charging  process. 


Distance  (nun) 


FIGURE  5  Surfoce  Potential  premies 
of  samples  treated  under  various 
atmospheres. 


We  have  observed  that  the  eflects  of  the  neutral  activated  species  in  producing  new  traps 
can  occur  either  during  or  before  the  charging  process.  Experiments  were  carried  out  cm 
samples  exposed  to  the  neutral  activated  species  produced  by  a  20  pA  negative  coitma  current, 
with  the  iiKtallic  sample  holder  coimected  to  ground  during  30  minutes,  followed  by  a  10 
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•econds  charging  process  with  the  sampk  holder  connected  to  -f 350  V.  TSO  measurements  on 
these  samfdes  gtw  similar  results  to  those  obtained  for  mnpU*  charged  during  30  minutes 
under  the  cmrespondlng  gas  atmospheres  (Figure  3).  The  suiiace  potential  measurements 
show  also  a  good  charge  uniformity  over  the  samide.  As  in  these  experiments  the  charging  time 
was  onfy  10  seconds  one  would  expect  to  get  the  ^ical  results  of  10  seconds  charging  (Figure 
2).  However  the  results  obtained  are  comparable  to  those  of  Figure  3.  Therefore  one  has  to 
assume  that  the  exposure  of  the  samples  to  the  neutral  activated  species  before  charging 
Introduced  surfoce  modlflcatfons  that  are  responsible  for  the  low  temperature  current  peaks 
observed  In  Figure  3. 

We  also  carried  out  experiments  to  study  the  effect  of  the  activated  species  upon 
precharged  samples.  The  samples  were  charged  for  10  seconds  and  consecutively  exposed 
during  30  minutes  to  the  neutral  activated  species  of  the  same  gas  atmosphere  of  the  charging 
process.  Thermograms  obtained  from  these  samples  are  also  qualitatively  similar  to  those 
presented  in  Figure  3.  However  In  this  case  the  surfoce  potential  measurements  do  not  show 
the  usual  charge  uniformity  for  all  samples.  Namely,  samples  treated  in  N2.  dry  air  and 
laboratory  air  atmospheres  show  a  clear  potential  decay  In  the  center  of  the  sample  surfoce 
(Figure  5).  This  effect  is  very  strong  for  samples  treated  in  N2.  and  if  the  experiment  proceeds  for 
longer  time  than  30  minutes  the  potential  decays  to  0  V.  Ncrdifference  in  this  behaviour  was 
observed  when  a  forced  gas  flux  was  blown  tangential  to  the  sample  surfoce.  Furthermore.  TSO 
measurements  on  theses  samples  show  a  corresponding  decrease  in  the  200  *C  current  peak 
that  becomes  null  when  the  potential  Is  0  V.  Experiments  of  polymer  surfoce  potential  decrease 
has  been  reported  before  and  tentatively  explained  in  terms  of  i)  corona  produced  excited 
molecules  and  photons  Inducing  charge  fiiom  surface  states  to  enter  the  bulk  of  the  pofymer 
(potyethylene)^^’^^;  11)  excited  molecules  emptying  of  surfoce  traps  by  energy  transfer  in  low 
density  potyethylene  ill)  an  electronic  current  made  of  hot  electrons  passing  through  the 
grid  of  the  corona  triode  that  nu^  create  pairs  adien  loosing  their  energy,  the  positive  tons  being 
driven  to  the  sample  surfoce  by  the  electric  fleld^.  The  possibility  of  such  an  electronic 
current  in  a  corona  trtode  has  also  been  investigated^^.  The  results  presented  on  Figure  5  show 
also  that  for  samples  exposed  to  CO2  and  O2  corona  atmospheres  there  is  no  decay  in  the 
surface  potential.  However  these  corona  atmospheres  seems  to  be  good  sources  of  excited 
species,  since  they  Induce  modiflcations  on  the  pc^mer  surfoce  as  can  be  concluded  frxun  the 
TSO  curves  of  Figure  3.  These  results  together  with  the  above  mentioned  ones  for  N2  and  air 
atmospheres  cannot  be  explained  In  terms  of  charge  injection  into  the  sample.  They  seem 
however  to  be  compatible  with  an  Interpretation  where  the  excited  species  indeed  play  a  role 
in  the  surfoce  modiflcations.  but  the  cause  of  the  potential  decay  is  linked  with  positive  tons 
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produced  between  the  grtd  and  the  eicctret  auf&ce  and  being  driven  to  the  aam|de  by  the 
electric  field. 

CONCLUSIONS 

The  atmoaphere  of  neg»tivc  corona  charging  of  Teflon-FEP  filma  influence  the  charge 
stablUty  of  produced  electreto.ln  the  corona  diachaige  proceaa  charged  partteka  and  iteutral 
excited  apeciea  are  produced.  The  production  of  theae  excited  moleculea  aeena  to  be  very 
efficient  in  CO3  ,  much  leaa  in  O2  .  humid  air  and  dry  air  aixl  almoat  null  in  Ng.  Theae  excited 
moleculea  interact  with  the  polymer  aur&ce.  being  abaoibcd  on  it  or  reacting  with  the  polyiner 
moleculea  producing  new  trapa  or  modifying  the  preexiating  ones  The  arriving  corona  ebargea 
nil  in  both  the  preexiating  trapa  and  the  new  formed  onea.  Corona  chargea  (an  electronic 
component!  paasing  the  grid  of  the  corotm  triode  are  thought  to  produce  Iona  palra  in  the  gap 
grld-electret  the  poaltlve  iona  being  driven  to  the  aample  and  removing  the  negative  charge 
from  the  trapa  decreaalng  the  aurfoce  potential. 
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Abstract  The  PWP  method  allows  the  non-destructive  measurement  of  the 
homogeneity  of  the  piezoelectric  coefficient.  The  influence  of  the  conditions  of 
polarization  (amplitude  of  the  poling  field,  temperature  and  duration  of  the 
polarization  process),  associated  to  various  thermal  treatments,  is  investigated 
in  the  case  of  VDF-TrFE  75%-25%  copolymer  samples.  From  these  resuHs,  we 
show  that  the  thermal  treatment  has  a  large  influence  both  on  the  kinetics  and  on 
the  homogeneity  of  the  polarization.  This  is  attributed  to  the  variation  of  the 
amount  of  ferroelectric  phase  resulting  from  these  treatments.  It  has  also  been 
observed  that  the  injection  of  electrons  at  the  cathode  plays  an  important  role  in 
the  build  up  of  the  ^arization. 


INTRODUCTTON 

The  pressure  wave  propagation  method  (PWP)'*'^  is  well  suited  to  study  the 
mechanisms  involved  In  the  polarization  of  piezoelectric  polymers  such  as  PVDF  or 
copolymers  of  vlnylidene  trifluoroethylene  (VDF-TrFE)^*®.  In  this  paper,  the  PWP 
method  is  used  to  determine  the  amplitude  and  homogeneity  of  the  piezoelectric 
coefficient  ezz  in  VDF-TrFE  75%-25%  copolymer  samples  for  various  conditions  of 
polarization.  First,  the  influence  of  thermal  treatment  before  polarization,  of  the  value 
of  the  poling  field  and  of  the  duration  of  the  polarization  process  is  analysed  for  thin 
films  poled  at  room  temperature.  Second,  we  analyse  the  build  i4>  of  the  polarization 
when  the  polarization  is  performed  at  lOO^C. 


THE  PWP  METHOD 

We  will  only  briefly  recall  the  principle  of  this  method  applied  *  piezoelectric 
materials®'^'^.  We  consider  a  plane  sample  containing  a  distribution  of  cfipoles  which 
is  supposed  to  be  uniform  in  a  plane  parallel  to  the  surface  of  the  film  and 
perpendicular  to  the  z  axis.  The  propagation  of  a  short  pressure  pulse  travelling  at  the 
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velocity  of  sound  v  along  this  axis  produces  a  variation  of  tfie  image  charges  on  the 
electrodes  which  results,  in  short-circuit  conditions,  in  a  current  l(t).  Time  t  is 
related  to  the  position  of  the  wave  front  by  t-z/v.  For  very  short  pressure  pulses,  the 
current  measured  during  the  penetration  of  the  pulse  in  the  sample  or  its  exit  is 
directly  proportional  to  the  piezoelectric  coefficient  ezz  at  the  interfaces.  During  its 
propagation  in  the  bulk,  l(t)  is  proportional  to  dezz(z)/dz. 


EXPERIMENTAL 

The  samples  are  typically  120  to  170  ^m  thick  VDF-TrFE  75%-25%  films.  They  have 
been  made  by  mold  injection. 

After  polarization,  ezz  and  dezz(z)/dz  are  measured  using  the  PWP  method.  Short 
pressure  pulses  (1  ns  duration)  are  generated  by  the  impact  of  a  35  ps  laser  pulse  on  a 
thin  absorbing  layer  covering  one  of  the  electrodes.  The  current  l(t)  is  measured  using 
a  fast  transient  recorder. 


RESULTS  AND  DISCUSSION 
Polarization  at  room  temperature 

The  samples,  metallized  on  both  sides,  are  poled  at  room  temperature  by  applying  a 
high  voltage  between  these  electrodes.  Various  conditions  of  poling  are  used  and  in  each 
case,  the  resulting  polarization  is  determined  by  the  PWP  method. 

Thermal  treatment 

In  a  first  series  of  experiments,  virgin  samples  are  poled  without  previous  thermal 
treatment.  In  a  second  series,  the  samples  are  heated  during  10  mn  up  to  140°C,  that  is 
to  say  slightly  above  the  Curie  temperature  (120°C)  and  then  cooled  down  to  20‘’C 
before  poling. 

The  evolution  of  the  polarization  as  a  function  of  the  duration  of  the  poling  process  is 
studied  by  measuring  the  distribution  of  ezz  at  different  steps. 

On  FIGURE  1,  the  results  obtained  for  a  low  value  of  the  electric  field  E,  equal  to 
0,3MV/cm,  are  presented.  For  the  samples  with  no  prethermal  treatment  (FIGURE 
la),  the  polarization  develops  slowly  near  the  anode,  while,  in  annealed  samples 
(FIGURE  1b),  a  uniform  polarization  is  observed. 


POLARIZATKDN  OF  VOF-TrFE 
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(a)  Without  annealing  (b)  After  annealing 


FIGURE  1  Evolution  of  the  distribution  of  dezz/dz  with  the  duration  of 
polarization  (E>iO,3MV/cm).  The  position  of  the  electrodes 
during  the  polarization  is  indicated. 

For  larger  poling  fields  (E  «  0,7  MV/cm),  the  polarization  is  uniform  in  the  two 
series  of  experiments  but  the  Idnetics  of  the  build  up  of  the  polarization  are  different. 
For  annealed  samples  (FIGURE  2b),  the  build  up  is  faster  than  for  samples  without 
previous  thermal  treatment  (FIGURE  2a). 


FIGURE  2  Relative  amplitude  of  ezz  in  the  case  of  uniform  distributions,  versus 
duration  of  poling  (E-0,7MV/cm) 
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It  can  be  concluded  that.  In  VDF-TrFE  7S%-25%  samples,  annealing  above  the  Curto 
transition  before  poling  at  room  temperature  leads  to  a  fast  response  to  the  poling  field 
and  to  a  more  homogeneous  polarization. 

Hysteresis  cycle 

The  samples  are  first  heated  above  the  Curie  temperature  at  140”C  and  poled  during 
10s,  at  room  temperature,  with  different  values  of  E.  The  polarizations  observed  by  the 
PWP  method  are  uniform.  Thus,  it  is  possible  to  plot  the  piezoelectric  coefficient  ezz 
versus  E  (FIGURE  3).  The  resulting  curve  is  an  hysteresis  cycle  which  shows  that  ezz 
goes  to  saturation  for  an  applied  field  equal  to  0,6  MV/cm  and  that  the  inversion  of  the 
polarization  is  possible  with  a  field  equal  in  absolute  value  to  0,5  MV/cm. 


FIGURE  3  Hysteresis  cycle  of  VDF75  -  TrFE25 


Polarization  at  100°C 

The  samples,  non  metallized,  are  first  heated  above  the  Curie  temperature.  They  are 
polarized  at  100*’C  and  ezz(z)  is  measured  at  room  temperature. 

A  typical  evolution  of  the  signal  l(t)  as  a  function  of  the  total  duration  of  polarization  at 
0.3  MV/cm  is  shown  on  FIGURE  4a,  and  the  corresponding  distributions  of  ezz  are 
presented  on  FIGURE  4b. 

At  lOO’C,  a  non  uniform  polarization  develops.  After  a  few  seconds,  the  polarization  is 
localized  in  a  thin  region  of  width  az,  close  to  the  anode.  For  longer  durations  of 
polarization,  this  region  spreads  toward  the  cathode,  first  rapidly,  then  slowly.  We 
have  also  observed  that  the  spread  of  az  is  faster  for  increasing  poling  fields. 
Moreover,  Az  depends  on  the  thermal  history  of  the  sample  :  if  the  polarization  at 
100®C  occurs  after  a  heating  process,  from  20®C  to  100®C,  Az  spreads  out  faster  than 
if  it  is  done  after  a  cooling  process,  from  HO^C  to  lOO'^C^. 


POLARIZATION  OF  VDF-TrFE 
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This  difference  in  the  kinetics  of  the  spreading  of  the  polarized  region  is  due  to  the 
hysteresis  of  the  temperatures  of  the  ferroelectric  to  paraelectric  and  paraelectric  to 
ferroelectric  transitions  :  lOO^C  is  intermediate  between  the  exothermic  and 
endothermic  Curie  temperatures  of  the  copolymer^.  Consequently,  the  amount  of 
ferroelectric  phase  is  larger  in  the  first  case  than  in  the  seoortd  one. 


110  mn 


20  mn 


(a) 


(b) 


FIGURE.  4  :  Evolution  of  the  distribution  of  dezz/dz  as  a  function  of  the  duration  of 
polarization. 


Discussion 

According  to  the  history  of  the  sample,  the  amount  of  the  ferroelectric  phase  varies. 
The  polarization  is  more  homogeneous  when  the  ferroelectric  phase  is  dominant.  This 
also  explains  why  the  the  build  up  of  the  polarization  is  larger  at  room  temperature 
than  at  100®C. 

The  partial  polarization  observed  at  100*’C  can  be  attributed  to  the  presence  of  a 
negative  space  charges  which  enhances  the  applied  field  in  the  region  close  to  the  anode 
and  stabilizes  the  oriented  dipoles.  Such  a  space  charge  can  originate  either  from  the 
migration  of  internal  charges  due  to  the  applied  field  or  from  Injection  of  electrons  at 
the  cathode,  also  followed  by  a  migration  towards  the  anode.  In  the  first  case  a  symetric 
distribution  of  positive  charges  close  to  the  cathode  should  also  accelerate  the 
orientation  of  dipoles  and  lead  to  a  more  symetrical  build  up  of  the  polarization. 

Moreover,  the  experiments  prove  that  chaise  injection  at  the  cathode  plays  a  very 
important  role  in  the  polarization  of  the  copolymer.  The  injected  charges  migrate 
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towards  the  anode,  accelerate  and  stabilize  the  orientation  of  dipoles.  Such  a  large 
influence  of  injection  of  electrons  was  previously  observed^' in  the  case  of 
polarization  at  room  temperature. 


The  pressure  wave  propagation  method  was  used  to  measure  non  destructively  the 
distribution  of  the  piezoelectric  coefficient  ezz(z)  through  the  thickness  of  VDF-TrFE 
copolymer  films.  A  fast  response  to  the  poling  field  is  observed  in  films  previously 
heated  above  the  Curie  point  and  for  applied  fields  equal  to  0,6MV/cm.  In  this  case,  the 
polarization  is  uniform.  The  polarization  which  develops  when  the  poling  is  performed 
at  100°C,  is  very  inhomogeneous  and  originates  at  the  anode.  The  kinetics  of  the 
spreading  of  the  polarized  region  towards  the  cathode  depends  on  the  applied  field  and  on 
the  thermal  treatment  applied  to  the  samples.  According  to  the  history  of  the  sample, 
the  amount  of  the  ferroelectric  phase  varies.  The  influence  of  the  morphology  of  the 
samples,  and  the  role  of  injection  of  charges  at  the  cathode  explain  the  observed 
behaviours. 
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Retract  The  first  order  ferroelectric-paraelectric 
transitions  in  ferroelectric  polymers  are  discussed  in 
the  framework  of  the  Diffuse  Phase  Transition  models. 
In  order  to  describe  these  transitions,  we  use  the 
classical  Landau-Devonshire  treatment  for  the  sample 
micro-regions  undergoing  normal  phase  transition  and 
look  for  a  critical  temperature  distribution  function. 
Thus,  this  model  is  applied  to  study  the  phase 
transition  of  a  vlnylidene  fluoride-trlfluoroethylene 
copolymer.  He  show  how  to  obtain  the  correct  behaviour 
of  the  spontaneous  polarization  and  of  the  dielectric 
constant  besides  the  Landau  expansion  parameters. 


INTRODUCTION 

Poly (vlnylidene  fluoride  -  trif luoroethylene)  copolymers 
[P(VDF-TrFE) ]  present  a  first  order  ferroelectric  transi¬ 
tion,  for  trifluoroethylene  (TrFE)  contents  ranging  from  18 
to  48  mol%.'‘’  The  Phase  Transition  (PT)  occurs  over  very 
large  temperature  intervals,  reflecting  a  distribution  of 
critical  temperatures  (T^)  for  the  different  regions  of  the 
material.*'^  Due  to  this  diffuse  character  of  the  PT,  the 
anomalies  of  the  physical  properties  at  the  transition  are 
smeared  out  into  the  phase  coexistence  region. 

Diffuse  phase  transition  (DPT)  is  a  very  common 
occurrence  in  solid  solutions  and  other  disordered 
structures . In  the  systems  presenting  DPT,  the 
macroscopic  properties  can  be  described  as  weighted  sums  of 
contributions  from  a  large  number  of  micro-regions 
undergoing  normal  PT  at  different 

In  this  work,  we  use  the  basic  ideas  developed  to  study 
DPT  in  disordered  materials,  in  order  to  obtain  a  better 
understanding  of  the  dielectric  behaviour  of  ferroelectric 
polymers,  near  their  transitions. 
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EXPERIMENTAL 

Differential  Scanning  Calorinetry  (DSC) ,  Dielectric 
susceptibility  and  Thermally  Stimulated  Depolarization 
Current  (TSDC)  data  have  been  used  to  investigate  the  DPT 
of  a  P(VOF~TrFE)  copolymer  with  30  mol%  TrFE  (sample 
reference:  ATOCHEM  P997).  These  data  have  been  published  in 
previous  works 

Since  the  transition  presents  a  strong  dependence  on 
the  thermal  history,^* all  data  correspond  to  the  first 
thermal  cycle.  The  heating/cooling  rates  were  -t-**  20'*C/min 
for  DSC  and  -t-  1.9°C/min  for  TSDC  runs.  For  the  latest 
measurements,  the  samples  (with  2.5  cm^  of  area  and  50  urn 
thick)  were  previously  polarized  by  a  500  KV/cm  electric 
field  at  65  "c  for  20  min.  For  more  experimental  details, 
including  sample  handling,  see  the  references  14  and  15. 


RESULTS  AND  DISCUSSION 


In  the  case  where  the  macroscopic  properties  of  a  sample 
with  DPT  are  seen  as  an  envelope  of  normal  PT  from  its 
micro-regions,  the  Landau's  parameters  are  the  same  for 
each  micro-region  (only  T^  varies) ^ ^ ^  Thus,  this 
approach  assumes  an  entropy  change  (per  unity  volume)  and  a 
polarization  jump  at  T^  constant  for  all  micro-regions.  The 
macroscopic  spontaneous  polarization  and  the  reciprocal 
dielectric  susceptibility  are  given  by 


P(T)  = 

2r‘'(T) 


» 

P'(T,T^)  f(T^)dT^ 

‘  0 

w 

=  X'"*(T,Tj.)  f(T^)dTj. 

'  0 


and 


9 


(1) 

(2) 


where  P*(T,T^)  and  z'’'(T,T^)  are  the  classical  Landau- 
Devonshire  expressions  for  first  order  normal  PT  at 
^^,13,16  f(Tj.)  a  particular  critical  temperature 
distribution  function. 
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Let  US  now  investigate  the  OPT  of  a  30  mol%  TrFE 
copolymer.  For  this  material,  the  DSC  thermograms  show  an 
interesting  profile,  with  the  presence  of  two  anomalies  at 
the  PT.**’*^  Assuming  that  the  doubling  of  the  DSC  peaks  is 
originated  by  sample  Inhomogeneities,  we  use  these  data  to 
generate  our  f(T^)  functions.  The  assumption  of  a  constant 
entropy  change  for  the  different  micro-regions  allows  us  to 
obtain,  in  a  first  order  PT,  an  isoentropic  function  by: 

f(T.)  «  N  —  (3) 

dT^ 
c  c 

where  N  is  a  normalization  factor,  and  dH/dT^  the 
calorimetric  curve,  after  baseline  subtraction.  Figure  1 
presents  the  obtained  f(T^)  functions  for  the  30  mol%  TrFE 
copolymer,  for  heating  and  cooling  runs. 


FIGURE  1  Critical  temperature  distribution  functions  for 
the  DPT  of  a  30  mol%  TrFE  copolymer,  obtained  from  the 
first  DSC  heating  and  cooling  runs. 

Using  the  f(T^)  functions  of  Figure  1  in  Eqs.  (1)  and 
(2) ,  we  have  generated  theoretical  curves  for  the 
macroscopic  sample  polarization  and  dielectric 
susceptibility,  shown  with  the  corresponding  experimental 
data  in  Figures  2  and  3,  respectively.  Note  that  the 
theoretical  curves  display  the  main  features  of  the 
macroscopic  behaviour  of  the  polymer  -  a  smooth  decrease  of 
the  spontaneous  polarization  at  the  PT  and  a  very  good 
fitting  of  the  dielectric  response. 

The  higher  experimental  values  of  the  polarization  at 
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lover  teaperatures  should  be  linked  to  the  contributions  of 
sample  heterocharges.  In  fact,  since  this  sample  has  been 
polarized  at  65  "c,  its  TSOC  thermogram  contains  a 
contribution  of  space  charges  (heterocharges) ,  with  a 
maximum  around  the  polarization  temperature,  as  in  other 
PVDF  copolymers,  irrespectively  of  the  PT.**  In  the  present 
case,  the  high  value  of  this  contribution  (about  15%  of  the 
total  sample  polarization)  shows  the  important  role  played 
by  other  kinds  of  heterocharges,  besides  the  space  charges 
(maybe  some  orientation  of  the  strained  amorphous  phase) . 

The  dielectric  constant  curves,  besides  the  f(T  )  ones, 
show  a  large  thermal  hysteresis  presented  by  this  polymer. 
This  had  been  taken  into  account  on  the  theoretical 
fittings,  leading  us  to  four  adjustment  parameters:  /3,  AT 
(®T^-Tg),  AT^  and  AT”  .  These  parameters  come  from  the 
conventional  free  energy  expansion 

g  =»  <3  (T-Tjj)  P^/2  +  C  P*/4  +  C  P‘/6  ;  (4) 

being  the  Curie-Weiss  temperature,  and  fi,  ^  and  C  the 
Landau  coefficients.  AT^  (AT~)  represents  the  difference 
between  the  temperature  where  the  transition  occurs  in 
heating  (cooling)  and  the  critical  temperature  (where  the 
energy  of  the  ferro  and  para  phases  are  equal) .  AT  is 
linked  to  the  expansion  parameters  by 


AT 


3 

16  0C 


(5) 


So,  for  the  complete  determination  of  ^  and  C  we  need  to 
use  another  expression,  as  for  instance 


AS  = - ^  -LI  ;  (6) 

2  4  C 

for  the  entropy  change  per  unit  volume  at  T^.  Using  this 
equation  the  sample  crystallinity  must  be  taken  into 
account.  For  our  material,  we  estimate  a  value  of  80%  for 
it.  Thus,  with  AS  =  1.36  cal/gK  (from  our  DSC  data,  after 
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correction  due  to  the  diffuse  nature  of  the  PT) ,  ve  can 
propose  the  expansion  and  adjustment  parameters  presented 
in  Table  I.  These  results  are  to  be  compared  with  the 
Furukawa^’  ones,  obtained  for  a  polarized  35  mol%  TrFE 
sample  with  a  small  diffuse  character.  Note,  in  both  cases, 
the  high  values  of  the  expansi^^^^oefficients,  which 
explain  the  high  coercive  fields  in  these  materials. 


FIGURE  2  Experimental 
(circles)  and  calculated 
(continuous  line) 
thermal  dependence  of 
the  sample  polarization. 


FIGURE  3 

Temperature 

dependence 

of 

the 

dielectric 

constant 

measured 

at  10 

KHz 

(circles) 

and 

that 

derived  from  the 

model 

(continuous 

line) . 

TABLE  I  Adjustment  and  expansion  parameters  for  the  30 
mol%  TrFE  copolymer  (a) ,  compared  with  the  Furukawa  ones 
for  a  35  mol%  TrFE  polarized  sample  (b) .  In  MKS  units. 


AT 

AT^ 

c 

AT- 

C 

2.6x10^ 

40 

8 

-3 

“4. 2x10  “ 

3.1X10^^ 

(a) 

3.5X10^ 

63 

- 

- 

-1.5x10*^ 

1.9X10*^ 

(b) 
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In  conclusion,  the  use  of  an  extended  Landau-Devonshire 
model  to  study  the  OPT  of  a  ferroelectric  polymer  allows  us 
to  describe  correctly  its  main  dielectric  properties.  The 
critical  temperature  distribution  function  has  been 
obtained  from  calorimetric  measurements.  The  Landau 
coefficients  have  also  been  evaluated,  besides  the 
heterocharge  contribution  for  the  sample  polarization. 


This  work  has  been  partially  supported  by  the  Brazilian 
agencies  CNPq  and  FAPEMIG. 
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Abstract  A  set  of  the  complex  dielectric,  piezodectric  and  elastic  constants  of 
lead  lanthanum  zirconate  titanate  PLZT  9/65/35  were  measured  under  different 
electric  d.c.  bias  fields  in  the  temperature  range  77K  -  380K  with  regard  to 
the  polarization  history.  The  polarization  was  determined  by  the  piezodectric 
coefficient  g  and  by  TSDC  spectra.  We  observed  field  induced  ferroelectric 
phase  transitions  from  a  probably  rhomboedral  structure  to  an  orthorhombic 
between  150K  and  220K.  If  an  electric  bias  field  E  >  3kVcm~^  is  applied  during 
cooling  the  rhomboedral  phase  is  suppressed. 


INTRODUCTION 

Numerous  investigations  of  ferroelectric  ceramics  with  diffuse  phase  transition  like 
PLZT  9/65/35  have  been  reported  [e.g.l].  All  these  materials  show  in  the  temperature 
range  a  characteristic  broadening  of  the  maximum  of  the  dielectric  constamt  e.  This 
behaviour  can  be  due  to  different  local  Curie  temperatures  caused  by  composition 
fluctuations  [2].  Therefore,  between  the  ferroelectric  and  the  paraelectric  phase  an 
intermediate  phase  results  consisting  of  stastistical  orientated  polar  microrepons  or 
clusters  in  an  surrounding  non-polar  matrix.  The  macroscopic  parameters  of  this 
phase  are  generally  non  polar  (polarization.  X-ray  structure[3]).  By  applying  an 
electric  field,  the  favourable  orientated  clusters  grow  until  the  ferroelectric  phase 
is  induced  [4].  If  the  field  is  removed,  the  material  returns  into  the  macroscopic 
unpolarized  state. 

In  this  paper  we  report  about  the  dielectric,  piezoeletric  and  elastic  properties 
of  PLZT  9/65/35  in  the  ferroelectric  and  the  intermediate  phases  under  different 
applied  electrical  fields  with  special  regard  to  the  polarization  history. 
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EXPERIMENTAL 

The  measuroneots  were  performed  on  non-tranaparent  PLZT  9/65/35  ceramics 
prepared  by  mixed  oxide  method  and  conventional  sintering  techniques.  The  grain 
size  is  about  2ftm.  Bars  with  dimensions  10mm  x  2mm  x  0.6  mm  were  cut  out  of  the 
ceramics  and  coated  at  the  major  faces  with  Ag/Au  electrodes.  The  samples  were 
deaged  at  470K  and  following  aged  for  one  week  at  room  temperature. 

A  resonance  technique  by  Smits  [5]  allows  to  determine  simultaneously  the 
complex  dielectric  £33,  piezoelectric  d3i  and  elastic  constant  sn  in  a  temperature 
range  between  77K  and  the  depolarization  temperature.  The  saimples  were  cooled 
down  under  an  applied  electric  d.c.  field  Et-  ^  2kVcm~*  to  ensure  a  sufficient 
remanent  polarization  at  77K.  When  the  samples  are  heated  the  complex  admittance 
was  measured  at  typical  frequencies  of  about  180  kHz  by  a  HP  4192A  LF-Impedmice 
Analyzer.  During  heating  and  measuring  an  dectric  d.c.  bias  field  Et4.  is  applied. 
To  avoid  damage  of  the  analyzer  input,  a  guard  circuit  with  Z-diodes  was  used.  The 
upper  limit  of  voltage  was  restricted  to  400  V  7  kVcm~*  ). 

Thermally  stimulated  depolarization  current  (TSDC)  spectra  were  taken  in 
order  to  calculate  the  remanent  polarization  as  a  function  of  temperature.  The 
samples  were  cooled  down  to  4K  under  an  applied  electric  field  and  heated  without  any 
field  under  short-circuit  conditions.  At  a  constant  heating  rate  the  current  measured 
by  an  electrometer  is  proportional  to  the  pyroelectric  coefficient. 

RESULTS  AND  DISCUSSION 

Different  cycles  of  measuring  the  constants  £33,  dsi  and  Su  in  the  temperature  range 
were  performed  with  varying  electric  bias  fields  up  to  4kVcm~^.  Figure  1  shows 
the  known  dielectric  behaviour  of  poled  and  ^ed  PLZT  9/65/35  as  a  function  of 
temperature  [6].  The  spectra  are  formed  by  the  phase  transitions  of  the  material 
(ferrolectric  •  intermediate  -  paraelectric).  Generally  there  is  no  influence  of  the 
electric  field  strength  during  cooling  and  heating  on  the  dielectric  constant.  Only  the 
transition  temperatures  slightly  increases  with  increase  of  Et+  • 

Quite  different  results  compared  with  £33  were  obtained  for  the  piezoelectric 
(Figure  2)  and  elastic  constant.  In  the  ferroelectric  phase  we  observed  two  states 
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depending  on  the  applied  electric  held  Et-,  when  the  sample  is  cooled.  If 
Et-  >  3kVcm~^  the  piezoelectric  behaviour  measured  during  heating  corresponds 
to  the  upper  branch  (B)  in  Figure  2.  We  found  no  influence  of  the  bias  field  Et+-  For 
E-r-  <  3kVcm~^,  dai  starts  in  the  lower  branch  (A).  If  the  bias  field  during  heating 
is  high  enough  (>  lkVcm~*),  the  material  jumps  from  state  A  into  B.  This  process 
is  thermally  activated.  In  the  intermediate  phase  the  piezoelectric  constant  is  only 
determined  by  the  actually  applied  field. 


different  applied  electric  bias  fields 


FIGURE  2  Piezoelectric  constant  dsj  as  function  of  temperature  under 
different  applied  electric  bias  fields 
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A  more  detailed  discussion  is  allowed  considering  the  piezoelectric  coefficient 
g  defined  as  the  proportional  factor  between  the  deformation  and  the  dielectric 
displacement  : 

Si  =  gsiDi  with  P31  =  ^  =  2QziPs 

£33 

The  g  coefficient  can  be  calculated  by  the  dielectric  and  the  piezoelectric  constant. 
Furthermore  it  is  related  with  the  spontaneous  polarization  Ps  by  the  electrostrictive 
coefficient  Q31.  Assuming  Q31  =  0.025  m^C“*  and  temperature  independence  of  Qsi, 
we  found  a  good  agreement  between  the  calculated  polarization  Ps(g3i(T))  and  the 
polarization  obtained  by  integration  of  the  TSDC  spectra  (Figure  3).  Because  of  the 
linear  relation  between  g  and  Ps,  it  is  reasonable  to  describe  in  the  following  the 
behaviour  of  the  polarization  by  the  beh;*'  lour  of  the  g  coefficient. 


FIGURE  3  Temperature  dependance  of  polarization  calculated  by 
g  coefficient  and  by  integration  of  TSD  current 

Two  ferroelectric  states  are  distinguished  in  the  low  temperature  range  (Figure 
4).  If  the  applied  electric  field  during  cooling  Ej-  >  3kVcm~^,  the  material  occupies 
the  high  polarization  level  B.  The  polarization  seems  to  be  frozen,  because  the 
g  coefficient  will  not  be  influenced  by  changes  of  the  temperature  or  the  electric 
field  Et4..  The  phase  transition  (ferroelectric  -  intermediate)  is  shifted  to  higher 
temperatures  with  increase  of  Et+- 
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FIGURE  4  Piezoelectric  coefficient  g  as  function  of  temperature  under 
different  applied  electric  bias  fields 
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FIGURE  5  Dielectric  constant  and  g  coefficient  as  function  of  the  applied 
bias  field  at  room  temperature 


Considering  the  dielectric  and  piezoelectric  behaviour  at  T  =  300K  as  a  function 
of  the  bias  field  (Figure  5),  we  identify  the  state  B  as  a  ferroelectric  orthorhombic 
phase. We  observed  a  field-induced  phase  transition  at  Eci  =  5.5kVcm~^,  when  the 
dielectric  constant  has  a  maximum.  When  the  field  is  decreased,  the  depolarized  state 
is  restored  at  Ecz  =  3kVcm~^.  These  results  are  in  a  good  agreement  with  X-ray 
studies  of  Shebanov  reporting  about  this  field-induced  •  eversible  transition  in  PLZT 
9/65/35  at  Elci  =  5.8kVcm“^  at  room  temperature  [3].  Therefore,  we  conclude  that 
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an  electric  field  applied  at  300K  in  the  intermediate  phase  causes  a  certain  d^ree 
of  orientation  of  the  cluster,  i.e.  a  certun  polarization  (see  g  coefficient  in  Figure 
5).  When  the  temperature  is  decreased  the  material  undergoes  a  ferroelectric  phase 
transition.  If  the  degree  of  cluster  orientation  is  high,  i.e.  the  applied  field  is  not  far 
away  from  induced  phase  transition  at  300K,  the  orthorhombic  state  will  be  saved  in 
the  ferroelectric  phase. 

For  £t_  <  3kVcm~^  the  polarization  at  temperatures  below  150K  (state  A) 
reaches  only  half  the  value  of  state  B.  We  assume  that  by  the  smaller  orientation 
of  the  polar  clusters  their  interaction  is  high  enough  to  favour  a  reorientation  of  the 
structure,  when  the  phase  boundary  is  passed  during  cooling.  It  is  probable  that 
the  material  has  a  rhomboedral  structure.  By  applied  electric  fields  during  heating 
Et+  the  phase  changes  into  the  orthorhombic  one.  Even  the  transition  happens 
for  Et.).  <  Et-.  Therefore,  we  can  exclude  that  the  state  A  is  an  incomplete 
orthorhombic  phase.  The  low  temperature  phase  transition  depends  strongly  on  the 
field  strength.  In  contrast  to  the  transition  (ferroelectric  •  intermediate)  the  transition 
temperature  Tr_o  diminishes  with  the  increase  of  the  applied  bias  field. 
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Abstract  The  ESR  spectra  of  Ifci  probe  have  been 
investigated  in  the  temperature  interval  including 
paraeleotrio-inoonmensurate  phase  transition  point 
of  RbgZnCl^.  Near  below  T^  we  have  measured  the 
temperature  dependence  of  position  of  the 
inhomogeneously  broaden  ESR  line.  On  the  basis  of  the 
simple  model  it  is  shown  that  BSR  spectrum  is 

influenced  by  phase  and  amplitude  fluctuations  of 
modulation  wave. 


INTRODUCTION 

Recently  a  great  deal  of  attention  has  been  paid  to 
radlospectroscopic  investigations  of  excitation  spectra  of 
inconmenBurate  compounds  These  spectra  are 

characterized  by  additional  modes  corresponding  to 
oscillations  of  aiiq;>litude  A  and  phase  <|>  of  Inocmnensurate 
atcHnic  displacement  wave  U  =  AooB(<ti).  Particularly  phase 
fluctuation  effects  were  observed  In  a  number  of 
Inoomsensurate  materials  throu^  ooflg;>lete  (NMR  in 
RbgZnBr^^,  BSR  in  ThBr^,  ThCl^^'^)  or  partial  (NMR,  NQR  in 
RbgZnCl^  motional  averaging  of  magnetic  resonance 

lineshape. 

In  this  paper  we  report  the  data  on  ESR  measurements 

O  A 

of  Mn  probe  in  Rb2ZnCl^  crystals  undexgoing  transition 
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from  paraeleotrio  phase  (space  group  Pnroa)  to 
inoonmensurate  one  at  ^^=302, 5  K.  Investigated  crystals 
doped  with  manganese  were  grown  from  the  melts  by 
Czoohralskii  method.  BSR  spectra  were  recorded  ;islng  X-band 
spectrometer  equipped  with  a  regulated  nitrogen  gas  flow 
cell.  The  temperature  stability  was  controlled  to  within 
-0.1  K. 

EXPERIMENTAL  RESULTS 

ESR  spectra  observed  in  the  paraeleotrio  phase  of 

Ox  px 

Rb«ZnCl.:Mn  are  associated  with  two  inequi valent  Mn 

^  ^  Q— 1 1 

sites  and  well  described  elsewhere^  .  To  avoid  the 

overlapping  of  the  absorption  lines  corresponding  to  the 

different  probe  sites  and  fine  structure  groups  we  have 

measured  the  temperature  dependence  of  the  lowfield 

hyperfine  sextuplet  Mg  =  -3/2  ->  -5/2  for  the  magnetic  field 

orientation  H  ||  a.  As  T^  is  approached  from  above  the 

single  sextuplet  observed  at  T  >  T^  splits  into 

inhomogeneously  broaden  singularity  spectrum  restricted  by 

the  hi^field  H_  and  the  lowfield  H_  singulari- 
-1  -j  12  P  “ 

ties  '  *  .The  experimental  dependence  of  the  singularities 

positions  is  presented  on  Fig. la. 

It  is  known  that  (a,b)  is  a  mirror  plane  for  the 

pj, 

positions  occupied  by  Mn  ions.  Therefore  for  the 
orientation  chosen  the  expansion  of  resonance  fields  on  the 
powers  of  the  order  parameter  U  -  Aoos{(|>(z)}  consists  of 
only  even  terms  and  the  second  term  is  the  lowest  one.  To 
Interpret  the  experimental  results  presented  we  have  used 
the  following  expression  given  in  *  for  the  case  of 
motional  narrowing  of  singularity  spectrum  due  to  phase 
fluctuations  ("floating  phase"  model) 

H  =  Hg  +  ^hgA^Cl  +  ooB(2(|))exp(-20^)].  (1) 

Here  describes  the  line  position  in  the  paraeleotrio 
phase  and  does  not  depend  on  the  temperature,  h2  denotes 
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FIGURE  1 .  Temperature  dependenoe  of  the  singularltieB 
poBltions  (Mg  =  -3/2  ^  -5/2  at  H  ||  a)  : 

(a)  In  a  broad  interral  of  InoommenBurate  phaae; 

(b)  near  inoommenBurate-paraeleotrlo  transition  point 
Tj^.  The  pluses  represent  eogperimental  data,  solid  line 
represents  Hp(T),  Hg(T)  oaloulated  on  the  basis  of  (1), 
dashed  line  oorresponds  to  the  static  case  (a=0,  A^O). 
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the  e:q[>anBlon  ooerflolent  dependixig  on  the  paramagnetio 
iona  i>OBition  and  extenial  field  orientation,  a  ~  (T^^-T)*^ 
-  mean  square  phase  fluotuatlon,  p  -  orltloal  exponent  for 


the  order  parameter.  Aooordlng  to  (1 )  well  below 


(a=0) 


Hp  (<|^±'lC/2 )  =  Hq  does  not  depend  on  the  t^peratuz*e  while 
Ha(<|)=0,ic)=  Hq  +  1/2h2A^  shifts  in  aooordanoe  with  increa¬ 
sing  of  amplitude  A  =  a(T^-T)^  on  cooling.  At  T  ->  Tj(a  -»  oo) 
the  singularities  tend  to  the  center  of  the  resonance 
fields  distribution  -*  +  1/4h2A^. 

As  can  be  seen  fixjm  Fig.  1a  below  T^-15  K  Hp  is 
practically  independent  on  teo^erature.  Hence  non-local 
effects  can  be  neglected  and  "local  approximation"  (1) 
is  valid.  In  this  interval  experimental  behavior  of 
singularities  positions  can  be  described  by  (1 )  with 
parameters  =  1182  Gs,  a^hg  =  -8,3  Gs/K^,  =  302,5  K, 
P  =  0,37,  a=0. 

On  approaching  from  below  the  eiqperimental  position 
Hp  significantly  shifts  from  stationary  value  (Pig.lb). 
Accoi*dlng  to  the  "floating  phase"  model  this  behavior  can 
be  attributed  to  increasing  of  phase  fluctuations  O.  The 
lowfield  singularity  curve  H_(T)  deviates  from  the  solid 
line  calculated  by  using  mentioned  model  (1 )  and  behaves 
itself  as  in  the  static  case  (Flg.lb). 


DISCUSSION 

The  discrepancy  obtained  can  be  overcome  by  taking  into 
account  the  amplitude  fluctuations  of  incoanensurate  wave. 
Considering  usual  quadratic  e3g;>anBlon  of  resonance  fields 


H  =  Ho  +  ghgA^cos^  (<|>) 


one  can  ei^ress  A  and  as  a  sum  of  static  and  fluctuating 
parts 


A(t)  =  Aq  +  0A(t), 


♦(t)  =  <|>Q  4  e((>(t). 
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Inserting  this  expressions  into  (2)  we  avex'sge  eji>ansion  in 
time  and  negleot  all  tense  of  orders  hl^er  then  quadratio 
in  OA  and  0^.  Following  ref  one  oan  assume  that  the 
fluctuations  are  fast  oixsparlng  with  frequency  analogue  of 
singularities  separation  AH  =  l/ah^A  and  siibstitute  time 
average  by  gaussian  distribution  of  phases  and  amplitudes 

H  =  Hq  +  + 

+  JhgA^d  +  0OB(2^^)e3q?(-2O^)}  (3) 

=<0(|)^>.  Therefore  for  the  Binguleu*itieB 
positions  one  oan  get 

*  [  ®o  ]*  [  -  ®*P<-20^))  ]  .  (4«) 

Sa  '  [  Ho  *  ]  * 

+  ”  exp  (-20^))  J.  (4b) 

Here  the  statio  and  fluctuation  contributions  are  separated 
and  Included  into  square  brackets.  Ccxnparlson  of  the 
expression  obtained  (3,4)  with  (1)  shows  that  including  of 
amplitude  fluctuations  into  consideration  results  in 
appearing  of  the  new  term  1/2h2A  in  the  espression  for  H^ 
while  Hp  is  unef footed  by  A.  For  the  small  a  fluctuation 
contribution  in  (4b)  is  approximately  equal  to 
l/2h2(A^  -  A^ct^).  Thus  anqplitude  and  phase  fluctuation 
contributions  to  H^  are  partially  compensated  by  eaoh 
other.  One  may  expect  that  H-(T)  deviates  from  the  solid 
line  oalo\ilated  using  (1 )  and  tmds  to  the  entirely  static 
behavior  (Fig.lb)  due  to  amplitude  fluctuation  influence. 

In  Rb2ZnCl^  crystals  ESR  spectra  of  are  sensitive 
to  tilting  of  ZnCl^  complexes  around  b  axis  and  the  tilt 
angle  a  ==  a^ooB(^)  corresponds  to  the  local  order  parameter 
U^.  Althouj^  the  above  espresBlons  (3,4)  may  only  provide 
the  qualitative  explanation  we  have  tried  to  estimate  the 


where  A^  =  <CA^>,0^ 
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oharaoteriBtio  values  of  amplitude  fluctuations 

This  rou^  estimation  yields  that  <(Sc^>^'^^ohangeB  from  1,2® 

to  0,7®  on  oooling  from  Tji-3K  to  T^^-IOK. 

It  seems  Important  to  note  that  in  the  case  of  linear 
coupling  between  resonance  fields  and  order  parameter  H  = 

iu,Aoo8(<b)  the  amplitude  fluctuations  should  not 

®  '  M )  (2 ) 

influence  on  the  positions  of  edge  singularities  . 

In  this  sense  E5R  experiment  with  orientations  of  magnetic 

field  providing  the  quadratic  connection  H  ~  may  be  more 

informative  then  the  experiment  with  general  orientations 

providing  linear  low  H  ~  U. 


REFtRl^NCES 


1.  R.Blino,  Phys. Rents..  19,^331  (1981 )« 

2.  R.Blino,  V.Rutar,  J.Dolinsek,  B. Topic,  P.Milia,  S.Zumer, 
Perroeleo trios .  66.  57  (1986). 

3.  A.Kazlba,  J.C.Payet, 

4.  R.Blino,  D.C.Ailion, 

Lett..  67  (1983). 

5.  J.Bnery,  S. Hubert,  J.C.Payet,  J.Phys.Lettres,  45,  693 

(1984). 

6.  J.Bnery,  N.A.Yakoub,  Perroeleotrios .  105.  141  (1990). 

7.  R.Blino,  P.Milia,  B. Topic,  S.Zimer,  Phys.Rev.B.  29.  4173 
(1984). 

8.  V.Rutar,  P.Milia,  Perroeleotrios .  66.  101  (1986). 

9.  M.Pezeril,  J.Bnery,  J.C.Payet.  J.Phys.Lettres,  41,  499 

(1980). 

10.  T.M. Bochkova.  O.E. Bochkov.  S.A.Plerova.  Piz.Tverd.Tela, 
26,  2170  (1984). 

11.  J. J.L.Horlkx,  A.P.M.Arts,  H.W.de  Wijn,  Phys.Rev.B.  37. 
7209  (1988). 

12.  T.M. Bochkova.  M.P.Trubitsyn.  Piz.Tverd.Tela,  31.  269 

(1989).  ~ 

13.  R.Blino,  J.Seliger,  S.Zumer,  J.Phys.CrSol.St.Phys. .  18, 


J.Physigue.  41,  239  (1986) 
PTPrelo^ek,  V.Rutar,  ] 


2313  (1985). 


Ferroelearics,  1992,  Vol.  134,  pp.  265-270 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


€>  1992  Gordon  and  Breach  Science  Publishers  S.A. 

Printed  in  the  United  States  of  America 


PtP251 

PHASE  TRANSITIONS  IN  HIGHLY  DISORDERED  PERROELECTRICS 
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Abstract  Critical  properties  of  disordered  ferroe- 
lectrics  are  reviewed.  The  broad  spectrum  of  the  rela¬ 
xation  times  and  the  nonergodiclty  have  been  observed 
in  these  materials.  The  proposed  phase  diagrams  in¬ 
cluding  polar  glassy  states  are  discussed. 


INTRODUCTION 

Highly  Disordered  Perroelectrics  (DP)  include  such  materi¬ 
als  as  Perroelectrics  with  Diffuse  Phase  Transition  (PDPT) 
-  compounds  with  considerable  nonhomogeneity  of  some  com¬ 
ponents  (  Mg  and  Nb  ions  in  such  classical  PDPT  as  PMN  » 
PbMg^iy^Nbg/^O^  ,  for  instance  ),  highly  polarizable  crys¬ 
tals  with  impurities  which  induce  the  ferroelectric  or¬ 
dering  in  the  centro symmetric  host  lattice  (  KTaO^:Ll,  Na, 
Nb  },  solid  solutions  of  hydrogen- bonded  ferroelectrics 
and  antiferroelectrics  (  RbHgPO^  -  NH^HgPO^  ■  RADP  emd  its 
deuterated  analog,  for  instance  ).  DP  become  frozen  into 
the  new  inhomogeneous  state  below  the  Phase  Transition 
(PT)  temperature,  which  posesses  different  static  and  dy¬ 
namic  properties  than  the  homogeneous  ordering  state. 

The  aim  of  this  paper  is  to  present  some  common  fea- 
tixres  of  the  disordered  ferroelectrics, 

THE  SPECTRA  OP  RELAXATION  TIMES 

The  dielectric  permittivity  of  DP  is  characterized  by 

1-10 

strong  dispersion  and  may  be  described  by  the  distribu¬ 
tion  of  relaxation  times  g(T  ,T),  For  the  sufficiently 
smooth  distribution  function  one  can  calculate  the  spec- 

g(T=  al*^T)  a  (ir/2)  €  (  a>  ,T)/(  fc* -  ) ,  (1) 

[577J/265 
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taking  into  account  that  actually  all  anomaliea  of  c"(u>fT} 
are  presented  in  g(tr  ,T)  in  a  strong  smeared  form. 

The  distribution  functions  for  HJN  and  KTaO^iLi  ciy- 
stals  were  calculated  using  Eq.  (1)  from  the  data  of  ima- 
ginaiy  part  of  the  permittivity  £  (tt>,T)  *  and  £9  as  the 
lowest  frequency  permittivity  £  (  0.1  H2,T)^,  £0  • 

For  PMN  at  highest  temperatures  the  spectrum  is  narrow, 
with  the  temperatvire  reduction  the  distribution  function 
broadens  and  becomes  almost  flat,  T  ^  being  of  the  or- 
der  of  10  a  for  all  temperatures  (  See  Figure  1  )  *  ^ 

The  spectrum  of  KTaO^:Ll  spreads  with  cooling  and  the 
additional  bands  appear.  These  additional  relaxation  re¬ 
gions  can  be  connected  with  the  ferroelectric  domains  ex¬ 
isting  in  the  low-temperature  phase  for  10  at.%  Li  concen- 
S  6 

tration-'*  .  It  should  be  noted  that  for  lower  Li  concen- 

7 

trations  the  well  separated  peaks  were  also  observed. ' 

The  spectrum  of  RADF  system  was  also  described  by  the 

hoBog«neou8-diBtributic.B,  of  relaxation  tlmea  between  T 

and  T  .  In  common  with  other  DP  the  spectrum  of  RADP 
max 

spreads  with  the  temperature  reduction. 

NONERGODICITY  AND  LONG-TIME  RELAXATION 

When  the  maximvun  relaxation  time  T  reaches  the  macro¬ 
max 

scopic  values  compatible  with  the  duration  of  the  experi¬ 
ment,  the  response  of  the  system  for  the  equilibrium  con¬ 
dition  has  to  differ  from  one  measured  for  an  external  in¬ 
fluence  which  affects  on  the  system  during  time  less  than 
T  To  confizm  it  the  measurements  were  performed  for 

Field-Cooling  (FC)  and  Zero-Field-Cooling  (ZFC)  conditions. 
The  results  have  shown  that  there  is  the  specific  tempera¬ 
ture  Tg  below  which  the  nonlinear  electroacoustic  coeffi¬ 
cients  of  PMN^^  differ  for  FC  and  ZFC  measurements  as  well 
as  the  Bragg  peak  intensities  of  neutron  scattering  The 
distinction  between  the  FC  and  ZFC  results  can  be  inter¬ 
preted  as  the  manifestation  of  nonergodicity  at  DPT,  what 
indicates  an  anomalously  slow  relcucation  process  in  the 
low-temperature  phase  of  these  materials. 
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FIGURE  1  The  spectrum  of  relaxation  times  for 
PUN  crystal^^. 

The  existence  of  such  broad  spectrum  must  be  revealed 

as  the  long-time  relaxation*  Indeed  such  processes  were  ob- 

served  for  PUN  in  the  neutron  scattering  experiments  and 

1 

the  dielectric  measurements  • 

The  history  dependent  behavior  of  the  static  polari¬ 
zation  was  also  observed  for  KTaO^  -i-  1*6  at.%  Ll^'^.  It 

should  be  noted  that  the  maximum  of  nonlinear  dielectric 

18 

permittivity  takes  place  in  KTaO, :Na  at  T_  as  well  as 
IQ  J  S 

in  PMR^^. 

Unfortunatelly  there  are  no  experiments  which  show 
the  long-time  relaxation  or  the  nonergodiclty  in  RADP* 

PHASE  DlAGRiUlS 

The  phase  diagram  of  KTaO^:Li  is  rather  questionable,  the¬ 
re  are  two  oritlced  concentrations  of  Li  :  c.  b  2*2  and 
C2  B  4  at*%  ’  •  The  pure  polar  glass  state  is  realized 

for  concentrations  less  than  c^ ,  for  concentrations  bet¬ 
ween  c,  and  Co  the  random-field-induced  domain  state  is 
20  ^ 

achieved  •  The  crystals  with  Li  concentrations  more  than 
Co  become  ferroeleotrlcs  with  PT  temperatures  more  than 
65  K  *  ,  The  alternative  point  of  view  is  supported 
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by  Hochli  *  who  believes  that  for  all  concentrations 
this  system  undergoes  the  FT  into  glassy  state,  being  the 
polar  glass  for  the  concentration  less  than  C2  the 
quadrupole  glass  for  the  higher  concentrations. 

The  phase  diagram  of  Rb^_^(NH^)^H2PO^  includes  the 
ferroelectric  state  for  x<  0.23#  the  antiferroelectric 
state  for  x>0,74i  the  polar  glassy  state  for  the  inter¬ 
mediate  concentrations  (0.23<' x  < 0,74)  when  there  are  two 
specific  temperatures  ;  Tjj  (  about  100  K  )  connected  with 
the  onset  of  the  local  ordering  and  Tp  consistent  with 
the  static  glass  transition  (Tj,  =  10  K  for  RADP),®”^^ 

PDPT  can  be  characterized  by  three  specific  tempera¬ 
tures  such  as  below.  The  mean  Curie  temperature  T^^^  (  or 
the  temperature  of  the  maximum  low-frequency  dielectric 
permittivity) , T^  which  markes  an  appearance  of  the  local 
polar  moments  in  the  materials  (  T^  manifests  the  breaking 
of  linear  temperature  dependences  of  many  physical  para- 

meters  ^  ),  the  polar  glassy  PT  temperature  T  which 

14  ® 

coincides  with  the  beginning  of  nonergodicity  For  PMN 
these  temperature  are  T^^^  =  265,  =  600,  and  T^  =  220  K 

(  See  Refs,  1,  22,  14  ). 

25—27 

Recently  the  microscopic  experiments  '  have  re¬ 
vealed  in  PDPT  the  nanometer  scale  domains  of  the  ordered 
structure  surrounded  by  disordered  matrix.  These  ordered 

nanodomains  have  either  another  chemical  composition  than 

2S— 26 

the  disordered  matrix  or  regular  off-center  shifts 

of  lead  atoms^^' 

On  base  of  these  data  the  following  phase  diagram  of 
PDPT  can  be  proposed  (  See  Figure  2  ),  At  highest  tempera¬ 
tures  (T>T^)  all  the  structurely  ordered  nanodomains  are 
in  the  paraelectric  state.  While  cooling  below  T^  the 
ferroelectric  PT  takes  places  in  them  with  PT  temperatures 
different  for  each  domain.  The  spontaneous  polarization 
appearing  in  these  regions  bears  the  polar  distortion  in 
the  surrounding  disorder  matrix,  forming  the  polar  cluster 
which  can  include  several  neighboring  ordered  domains  with 
correlated  polarizations.  These  distortions  will  grow  up 
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FIGURE  2  The  phase  diagram  of  PDPT  for  ZPC. 

as  temperature  goes  down,  when  the  disturbed  volume 
reaches  a  noticeable  fraction  of  the  sample  the  Interac¬ 
tion  of  the  polarized  clusters  suppresses  their  free  re¬ 
orientations  and  motions*  At  T^  the  clusters  are  frozen, 
the  glassy  state  may  be  presented  as  ensemble  of  static 
polar  clusters,  each  of  them  having  an  arbltreury  orienta¬ 
tion  of  the  polar  moment  so  that  the  resulting  polariza¬ 
tion  is  zero*  Dy  the  same  reason  the  slowing  down  of  the 
relaxations  takes  place  in  being  of  the  order  of 

the  inverse  measuring  frequency  at  T^^^  and  infinity  at  T^* 
It  should  be  noted  that  the  homogenious  polar  state 
can  be  created  by  PC  below  T  If  the  field  exceeds  some 

threshold^.  16,  ® 

SUMMARY 

The  common  features  such  as  the  spread  spectra  of  relaxa¬ 
tion  times,  long-time  releucations,  the  nonergodlcity  beha¬ 
vior  are  revealed  for  highly  disordered  ferroelectrics* 

All  of  them  have  similar  phase  diagrams  which  include  the 
polar  glassy  state*  The  reason  of  the  appearence  of  the 
glassy  phase  is  believed  to  be  connected  with  the  inter¬ 
nal  heterogeneity  of  the  composition  of  these  materials* 

It  may  be  noted  that  acoustical  properties  of  DP  are  sem- 

1 3 

ilar  to  the  properties  of  other  glassy  systems*  However 
the  glassy  state  in  DP  is  different  from  the  polar  glass 
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as  a  simple  analog  of  spin  glasses  . 

We  thank  Prof.  V.V.  Lemanov  for  discussions. 
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ABSTRACT 


A  phenomenological  description  of  physical  effects  occurring 
In  polar  dielectrics  under  hydrostatic  pressure  has  been 
presented.  Pressure-electric  effect  consisting  In  an  electric 
charge  generation  on  the  dielectric  surface  due  to  pressure 
has  been  shown  to  be  observed  In  polar  dielectrics  only. 
Pressure-electric  properties  of  linear  pyroelectrics  and 
ferroelectrics  with  first-  and  second-order  phase  transitions 
have  been  discussed.  Conclusions  coming  from  phenomenological 
solutions  have  been  Illustrated  by  experimental  results  for 
potaslum  pentaborate  -  a  linear  pyroelectric.  (CH^NH^)^Bl2Br-|  ^ 
crystals  -  a  ferroelectric  with  a  second-order  phase 

transition,  and  NH^HSeO^  crystals  -  a  ferroelectric  with  a 
first-order  phase  transition. 

Possibilities  of  application  of  the  pressure-electric 
effect  to  prepare  a  hydrostatic  pressure  sensor  have  been 
also  discussed. 

1.  INTRODUCTION 

Pyroelectric  coefficient  defined  as  a  temperature 
derivative  of  spontaneous  polarization  y ^mSP^^/ST  describes 
a  change  In  the  vector  quantity  (spontaneous  polarization) 
Induced  by  a  change  of  the  scalar  quantity  (temperature) .  The 
definition  shows  that  the  pyroelectric  coefficient  Is  a 
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v«ctor.  th«r«for*  th*  pyro«1*ctr1c  Affect  can  ba  obsarvad  In 
crystals  belonging  to  one  of  tan  polar  classes  of  syimiatry. 

Whan  Investigating  an  Impact  of  hydrostatic  pressure  on 
phase  transitions  In  polar  crystals  either  temperature 
changes  of  spontaneous  polarization  can  be  measured  for  a 
fixed  pressure  (Isobars)  or  pressure  changes  of  spontaneous 
polarization  (Isotherms) .  In  the  latter  case  the  change  In 
spontaneous  polarization 

dPj  =  n^dp.  (1) 

Mhere  p  denotes  pressure,  whereas  n^*dP^/dp  can  be  treated 
as  a  pressureelectric  coefficient  with  the  pressureelectric 
effect  definition  given  In  Eg.(1).  It  should  be  pointed  out 
that  the  pressureelectric  coefficient  Is  a  vector  so  It 
transforms  Itself  In  the  same  way  as  the  pyroelectric 
coefficient.  Therefore  the  pressureelectric  effect  can  be 
observed  exclusively  In  crystals  showing  pyroelectric 
properties^ . 

Despite  a  similarity  between  pressure-  and  piezo-  electric 
phenomena  there  Is  an  essential  difference  between  the  two. 
The  piezoelectric  effect  cr.isists  in  polarization  changes  due 
to  mechanical  stress  so  the  piezoelectric  coefficients  form  a 
symmetric  tensor  of  the  third  order.  It  Is  sufficient  that 
the  crystal  possess  no  symmetry  cent  re  to  be  a 
piezoelectric.  It  can  be  stated  that  the  pressureelectrics 
are  a  sub-group  of  piezoelectrics  (the  same  as 
pyroelectrics) . 

2.  THERMODYNAMIC  RELATIONS 

Let's  consider  the  Gibbs  function  to  show  relations 
between  the  pressureelectric  effect  with  other  phenomena 
occuring  In  polar  crystals  for  a  constant  mechanical  strain: 

G(p.t.E)  =  U  -  TS  -  pV  -  EP  (2) 
where:  U  -  Internal  energy,  T  -  temperature.  S  -  entropy.  V  - 


L 
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voluiM,  p  -  pr«ssur«.  E  -  electric  field  Intensity,  P 


polarization . 

In  a  differential  form  tme  have 

-de  »  SdT  +  Vdp  ♦  PdE  (3) 

and  expanding  the  entropy,  volume  and  polarization  we  get 

*  ItIp.E  *  IIIt.E  *  IIIt.p 
“  ItIp.E  *  IpIt.e  IeIt.p  (^-2) 

=  ItIp.E  ‘‘T  -  illp.E  dT  ^  IIIt.  pdE  (4.3) 

The  respective  terms  In  Eg.  4.1  are  connected  with  the 


specific  heat,  pressurecalor 1c  and  electrocaloric  effects, 
the  ones  In  Eg.  4.2  are  connected  with  the  thermal  volume 
expansion,  compressibility  and  electric-f leld-inducted  change 
of  the  crystal  volume  (reversed  phenomenon  to  the 
pressureelectric  effect),  while  In  Eg.  4.3  the  terms  describe 
pyroelectric,  pressureelectric  effects  and  electric 
susceptibility  of  the  crystal.  Egs.  4.1  -  4.2  give  that 

coefficients  In  the  pressurecalor 1c  effect  and  volume  thermal 
expansion  coefficients  are  egual.  coefficients  In  the 
electrocaloric  and  pyroelectric  phenomena  are  the  same,  and 
coefficients  In  the  straight  and  reverse  pressureelectric 
effects  are  also  egual  to  each  other.  Moreover.  Eg.  4.3  shows 
for  constant  electric  field  E  that 

•  ItIp.E  *  glr.E  '">• 

In  p.T  coordinates  the  polarization  can  be  treated  as  a 
unigue  function  of  p.T  variables  so  that  the  pressure 
-temperature  dependence  of  polarization  Is  represented  by  a 
plane  which  lies  In  p-T  elevation  In  the  case  of  non-polar 
crystals,  whereas  the  plane  Is  Inclined  both  towards  p  as 

•r 

well  as  T  In  the  case  of  polar  crystals. 
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3.  PRESSUREELECTRIC  EFFECT  IN  LINEAR  PYROELECTRIC 

(CASE  STUDY  FOR  POTASSIUM  PENTABORATE) 

Potass-Ium  pantaborate  (KP6)  applied  to  elektrooptics 
belong  to  P  point  group  .  therefore  it  should  show 
pyroelectric  properties.  Unpublished  studies  ^  revealed  that 
KPB  is  a  pyroelectric  with  no  phase  transition  in  temperature 
range  of  4.2  to  430  K.  Pressure  and  temperature  dependence  of 
spontaneous  polarization  change  in  KPB  crystal  is  presented 
in  Fig.l  for  pressure  range  of  0  -  250  MPa  and  temperature 
range  of  203  -  233  K.  As  seen  from  the  figure  the  crystal 
shows  simultaneously  pyro-  and  pressureelectric  properties. 
Pyroelectric  coefficient  increases  from  9*10'*  Cm"*  at  203  K 
to  9.9*10"^  Cm"*  at  233  K.  Relation  between  the  spontaneous 
polarization  and  pressure  is  non-linear.  Coefficient 
dP/dpI  ^increases  with  temperature  (cf.  Fig. 2).  This 
increasing  can  be  assumed  linear  in  the  analyzed  temperature 
range.  Moreover,  it  can  be  concluded  that  the  spontaneous 
polarization  is  a  monotonic  function  of  both  pressure  and 
temperature.  The  remaining  coefficients  in  Egs.  4.1  -  4.3  may 
also  be  expected  to  be  monotonic  functions  of  pressure, 
temperature  and  (or)  electric  field. 

An  unexpected  result,  however,  is  that  the  pressure 
increase  causes  polarization  changes  of  the  same  direction  as 
these  inducted  by  the  temperature  rise.  The  pressure  increase 
should  have  decreased  the  inter  atomic  distance,  so  the 
effect  similar  to  that  due  to  lowering  of  temperature. 

4.  PRESSUREELECTRIC  EFFECT  IN  FERROELECTRIC  WITH  THE  SECOND 
ORDER  PHASE  TRANSITION  (CASE  STUDY  F0R(CH3NH3)gBijjBr^^) 

At  311  K  methyl  ammonium  bismuthate  (MAPCB)  crystals  show 
the  second  order  phase  transition  from  Pca2.-  symmetry  phase 
to  Pcab  -  symmetry  one^.  We  have  found  that  the  phase 
transition  temperature  increases  linearly  with  pressure  in 
range  0  -  170  MPa.  and  pressure  dependence  of  electric 

permittivity  satisfies  a  relation  similar  to  the  Curie-Weiss 
rule.  Taking  the  above  into  a  count  the  Gibbs  function  for 
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MAPBB  crystals  can  be  rewritten  In  the  form  similar  to  that 
used  by  Jona  and  Schirane^  for  TGS  crystals 


G(P.T.p)  =  Gjj  A  P"*  ♦  J  ^  P^  +...-E  P  (6) 

where:  A  =  A(T.p)  *  a  (T  -  T^)  .  ♦Op.  0  *  dT^/ap. 

is  a  normal  pressure  phase  transition  temperature.  Thus 
we  get  temperature  and  pressure  dependence  of  electric 
permittivity.  For  T  > 


1  _  a^G  _ 

^  -  lp2- 


a(T-T^^-Op) 


(7) 


reverse  electric  permittivity  is  a  linear  function  both 
pressure  and  temperature.  From  the  condition  of  the  minimum 
Gibbs  function  witti  respect  to  the  polarization  we  get 
temperature  and  pressure  dependence  of  spontaneous 
polarization  in  the  form 

Therefore  in  ferroelec tries  with  the  second  order  phase 
transitions  the  second  powder  of  th>j  spontaneous  polarization 
is  a  linear  function  of  both  temperature  and  pressure. 

P^(T,p)  relation  for  MAPBB  crystals  is  shown  in  Fig.  3  for 
data  taken  from”  and”  .  As  seen  in  the  figure  the 
polarization  is  a  continuous  function  of  temperature  and 
pressure  in  accordance  with  Eg.  8.  The  pressure  derivative  of 
Eq.  8  gives  the  pressure-electric  coefficient  in  the  form 

a 

n  =  aP_/dp  =  *  -  0 

*  $ 

Fig. 4  shows  pressure  dependence  of  the  pressure-electric 
coefficient  for  MAPBB  crystals  at  317  K,  six  degrees  above 
the  phase  transition  temperature.  As  seen  from  the  figure  the 
pressure-electric  effect  is  not  observed  for  p  <  (T.^^-T)/0. 

Relation  n(p)  reminds  the  temperature  dependence  of  the 
pyroelectric  coefficient  which  can  be  expected  from  Eq.9.  It 


i  *  0  P  -  t]' 
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(9) 
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is  worth  mentioning  that  3P_/3p  around  the  phase  transition 

s 

is  four  orders  higher  for  MAPB6  crystal  than  that  for  linear 
pyroelectric  such  as  KPB.  MAPBB  crystals  are  a  good  example 
for  preservation  of  pressure-electric  properties  during  the 
second-order  phase  transition  from  the  non-polar  phase  to  the 
ferroelectric  one,  the  phase  transition  temperature  being 
increasing  with  pressure. 

5.  PRESSURE-ELECTRIC  EFFECT  IN  FERROELECTRICS  WITH  THE 

FIRST-ORDER  PHASE  TRANSITIONS  (CASE  STUDY  FOR  NH^HSeO^) 

First-order  transition  from  the  low-temperature  polar 

phase  with  unknown  symmetry  to  the  ferroelectric  triclinic 

phase  was  observed  in  NH^HSeO^  (AHSe)  crystals  at  about  105K. 

A  step-like  change  in  the  ferroelectric  component 

(electric-field  reversible)  and  in  the  pyroelectric 
g 

component  (being  the  subject  of  the  Investigation)  took 
place  in  the  above  transition.  Temperature-pressure 
dependence  of  changes  in  pyroelectric  component  of  the 
spontaneous  polarization  is  shown  in  Fig. 5  for  AHSe  crystals 
around  the  above  phase-transition  temperature.  The 
spontaneous  polarization  changes  in  a  step-like  manner  in 
this  transition  showing  a  temperature-pressure  hysteresis 
characteristic  for  first-order  transitions.  This  is  an 
example  of  pressure-electric  properties  of  crystals  showing 
first-order  transition  between  two  polar  phases,  the  phase 
transition  temperature  being  decreasing  with  the  pressure. 
The  pressure-electric  effect  can  be  observed  in  both  phases 
(Fig. 6) . 

It  should  be  pointed  out  that  for  the  described  phase 

transition  in  AHSe  dT^/dp  <  0  which  remains  contrary  to 

results  of  Krasikov^  However.  taking  account  of 
11  12 

calorimetric  and  dilatometric  data  we  can  obtain 
negative  dT^/dp  from  the  Claussius-Clapeyron  equation. 
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6.  PRESSURE-ELECTRIC-EFFECT-BASEO  SENSOR  FOR  HYDROSTATIC 
PRESSURE  CHANGES 

Th«  pr«ssurtt-e1ectr1c  affpct  can  be  employed  to  measure 
pressure  changes  due  to  the  direct  relation  between  changes 
In  hydrostatic  pressure  and  electric  energy.  In  the  commonly 
used  piezoelectric  pressure  sensors  the  pressure  change  Is 
transformed  Into  a  mechanic  strain.  This  Is  done  usually  by  a 
sensing  membrane  pushing  the  piezoelectric  crystal  through  a 
piston.  Such  a  construction  Is  complex  and  slow  In  operation 
due  to  membrane-piston  Inertia  which  Is  an  essential  drawback 
of  the  sensor . 

When  employing  the  pressure-electric  effect  these 
disadvantages  will  be  eliminated.  A  schematic  view  of  such  a 
sensor  1s  shown  1n  Fig. 9.  This  Is  a  plane-parallel  wafer  cut 
out  of  the  pyroelectric  crystal  In  the  way  that  the  largest 
surface  with  electrodes  1s  perpendicular  to  the  polar  axis  of 
the  crystal .  The  electrodes  are  connected  through  load 
resistance.  R^.  When  1n  the  surrounding  medium  (gaseous  or 
liquid)  the  prevailing  pressure  changes,  then  the  current.  I 
flowing  through  the  load  resistance  Is  the  following: 

3P«3p 

I  »  S  -  .  (10) 

dp  dt 

The  current  Is  proportional  to  the  electrode  area  S,  the 
pressure-electric  coefficient  (  n  =  dPn/dp)  of  the  sensor 
material  and  the  pressure  change  rate.  As  mentioned  before 
the  n  coefficient  for  ferroelectrics  (around  the  phase 
transition  temperature)  Is  three  to  four  orders  of  magnitude 
greater  than  that  for  linear  pyroelectrics.  This  Is  why 
ferroelectrics  such  as  L-o-alanlne-doped  TGS  crystals  are 
more  recommended  for  pressure-electric  sensors.  The  electric 
charge  flowing  through  the  load  resistance  being  equal  to: 
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*■  t> 

Q  =  I  I  dt  =  Sn  I  dp  (11) 
o  o 

Is  proportional  to  the  pressure  change.  Thus  measuring  the 
charge  flowing  through  the  load  resistance  we  directly  have 
the  pressure  change. 

Based  on  the  relation  between  the  phase  transition 
temperature  and  the  pressure,  sensors  can  be  prepared  which 
detect  a  certain  pressure  limit  excess.  the  pressure 
threshold  being  widely  adjusted  by  the  sensor  temperature. 
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Fig.1.  Pressure-temperature  dependence  of  the  spontaneous 
polarization  changes  for  potassium  pentaborate  crystals. 
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Fig. 2.  Temperature  dependence  of  the  pressureelectr 1c 

coefficient  for  potassium  pentaborate  crystals  (at  p  =  0) . 


Fig. 3.  Pressure  and  temperature  dependence  of  the  spontaneous 
polarization  for  MAPBP  crystals®’®. 
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F1g.5.  Pyroelectric  component  of  the  spontaneous  polarization 
changes  for  NH^HSeO*  crystals  as  a  function  of  the 
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F1g.6.  Pressure  dependence  of  the  spontaneous  polarization 
changes  for  NH^HSeO^  crystals  at  101.4  K. 
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Fig. 7.  Schematic  view  of  the  pressureelectr 1c  sensor  of 
hydrostatic  pressure  changes. 
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Abstract  Thin  films  of  Pb(Zio.53Tio.47)93  Pt-coated  Si  substrates  were  prepared 
by  sol-gel  deposition.  The  dielectric  properties  and  polarization  reversal 
characteristics  were  measured  as  a  function  al  sintering  conditions  using  a  rapid 
annealing  technique.  The  results  are  interpreted  with  respect  to  the  |^h^  and 
microstructural  development  of  the  films.  Their  suitability  for  incorporation  into 
semiconductM'  devices  is  discussed,  with  particular  attention  given  to  die  possibility 
of  low  temperature  processing. 


INTRODUCTION 

Ferroelectric  thin  films  deposited  on  semkxmductor  substrates  are  of  interest  for  a  number 
of  applications,  including  non-volatile  memories  ^  pyroelectric  detectors^  and 
micromechanical  devices^.  Due  to  their  favourable  pcdarization  reversd,  pyroelectric  and 
piezoelectric  properties,  films  based  upon  the  Pb(ZrxTii.xX)3  system  [PZ^  have  been  the 
focus  of  many  studies.  A  variety  of  vacuum^  and  liquid  phase  tn*  solution  deposition^ 
techniques  have  proved  successful  in  producing  films  which  show  adequate  properties  for 
the  demonstration  of  these  applications.  However,  the  logistics  of  the  semictmductor 
industry  demand  that  for  the  frMcation  a  device,  the  ferroelectric  film  is  deposited  after 
completion  of  the  semiconductor  processing.  Annealing  terrqieratores  required  fOT  the 
realization  of  high  quality  PZT  fil^  are  often  quoted  to  be  in  the  region  600  to  850°C. 
Exposure  of  a  processed  semiconductor  wafer  to  tenqieratum  in  this  range  may  result  in 
distmtion  of  the  dqiant  profiles,  causing  damage  to  the  sraiiconductor  circuit  In  addition 
tiiis  temperature  range  is  not  consistent  with  tte  use  of  aluminium  metallisation  (melting 
point  6S9°Q.  Present  research  work  is  dterefore  targeted  at  minimizing  die  thermal  energy 
required  in  the  preparation  of  PZT  thin  films.  In  this  paper  we  report  on  the  sol-gel 
deposition  of  Pb(&x1'U-x)03  films  in  conjunction  with  the  use  of  a  rapid  thermal 
annealing  technique  and  assess  ^  possibilities  low  tempmture  processinz. 

A  sol-gel  technique,  similar  to  that  report^  by  Gi^ovich  and  Blum^  and  later  by 
Budd  et  al.^,  was  selected  because  of  its  TOtential  to  form  Pb-Ti-Zr-0  molecular  units 
within  the  gel  before  film  deposition.  Diffusitm  distances  may  therefore  be  minimized, 
consistent  with  the  requirement  for  minimal  thermal  treatment.  However,  other  factors 
such  as  the  mass  of  organic  groups  within  the  gel,  the  crystallization  temperature  of  the 
perovskite  phase  and  die  den^ficatxMi  of  die  microstructure  are  important  ctmsiderations  in 
obtaining  short,  low  temperature  annealing  cycles.  "Rapid  thermal  annealing"^  was 
selected  as  a  means  of  reducing  die  total  annealing  cycle  time. 


EXPERIMENTAL 

Precursor  stock  solutions  were  prepared  by  a  method  similar  to  that  of  Budd^.  Lead 
acetate  tetrahydrate  was  dissolved  in  2-methoxy  ethanol  in  a  molar  ratio  of  1:8.  The 
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solution  was  firacdonally  distilled  at  1 10°C  to  remove  the  water  of  crystallization  of  the  lead 
acetate.  0.47  nx>les  of  titanium  iso-propoxide  and  0.S3  moles  of  zirconium  n-propoxide 
were  mixed  with  8  moles  of  2-medioxy  ethanol.  The  solution  was  heated  to  temperatures 
up  to  12S*’C  to  remove  the  pn^yl  alcohol  firactions  which  resulted  from  replacement  of  the 
alkoxide  propyl  groups  with  the  2-methoxy-ethyi  groups.  The  two  solutions  were  mixed 
and  boiled  to  promote  reaction  between  tire  lead  acetate  and  the  alkoxides;  the  resulting 
ester  was  removed  by  distillation  together  with  excess  solvent  The  solution  concentration 
was  adjusted  to  1  mdar,  this  stock  soludtm  was  then  stored  under  anhydrous  condidons. 

Pwdons  of  the  stock  soludon  were  hydrolyzed  by  the  atklidon  of  equal  volumes  of 
a  1  molar  solution  of  water  in  2-methoxy  ethanol  and  then  immediately  deposited  upon  a 
substrate  by  spin  casting  at  2500  min'^.  The  substrates  consisted  of  (kvice  quality  silicon 
with  a  1000  A  layer  of  Si02  grown  by  dry  oxidation,  upon  which  a  2(M  A  layer  of 
titanium  and  a  2000  A  layer  of  platinum  were  deposited  by  sputter  deposition,  llie  gel 
nims  were  dried  on  a  hot-plate  at  2S0°C  for  10  mins,  before  further  gel  layers  were 
applied.  Normally,  five  gel  layers  are  applied  by  spin  casting  with  a  drying  stage  between 
each  layer. 

Annealing  was  carried  out  using  a  rapid  heating  module^  consisting  of  18  x 
1500  W  lamps  inside  a  gold  plated  reflective  quartz  chamber.  The  sample  holder  is  such 
that  the  wafer  is  exposed  to  radiation  on  both  sides.  The  sample  temperature  is  controlled 
by  a  thermocouple  in  contact  with  one  side  of  the  wafer,  in  this  case  the  side  without  the 
gel  coating.  The  chosen  temperature  profile  consisted  of  a  40  s  ramp  to  the  annealing 
temperature,  with  a  dwell  at  temperature  in  die  range  30  to  300  s  and  a  300  s  forced  cool  to 
approximately  300‘'C.  The  sample  was  allowed  to  cool  naturally  from  300®C  to  room 
temperature.  Comparisons  were  made  with  conventionally  annealed  samples  which  were 
subjected  to  a  ramp  of  10®C  min*l  and  a  dwell  of  60  min.  at  temperature,  before  cooling  at 
a  rate  of  approximately  1®C  min-l.  In  addition,  thermogravimetric  analysis  of  samples  of 
dried  gel  was  carried  out. 

The  phase  content  of  the  films  was  determined  using  X-ray  diffractometry.  The 
volume  fraction  of  a  "parasitic"  pyrochlcare  type  phase  was  estimated  from  a  comparison  of 
the  peak  X-ray  intensities  of  perovskite  and  pyixwhlore  reflections. 

Thin  foils  were  prepared  in  transverse  section  for  transmission  electron  microscopy 
(TEM)  using  initially  a  Gatan  'dimpler'  to  reduce  the  thickness  to  50  pm  and  then  a  Gatan 
ion  beam  thinner  operated  under  conventional  conditions  to  ^rforate  the  sample.  A  more 
detailed  experimental  method  has  been  described  previously  jhe  foils  were  investigated 
using  Philips  EM430  and  CM20  microscopes. 

For  the  electrical  characterization,  the  films  were  sputtered  with  gold  electrodes 
0.5  mm  in  diameter.  The  complex  impedance  as  a  function  of  frequency  from  10  Hz  to 
1  MHz  was  measured  with  an  HP4192A  impedance  analyzer  with  a  test  signal  of  5  mV. 
The  polarization  as  a  function  of  field  was  measured  with  a  virtual  Sawyer-Tower  circuit  at 
a  frequency  of  10  Hz  and  a  maximum  applied  voltage  of  15  V. 


RESULTS 

The  X-ray  diffraction  .he  analysis  of  the  films  r  zeals  an  interesting  comparison 
between  rapid  thermal  annealing  and  conventional  annealing  process.  All  films  annealed 
below  400°C  appear  amorphous.  For  conventionally  annealed  samples,  by  450®C 
crystallization  of  ^e  films  has  already :  -  arted,  but  with  die  presence  of  a  large  fraction  of 
pyrochlore  phase.  A  steady  decrease  in  izyrochlcre  content  is  observed  with  increasing 
annealing  temperature,  with  no  pyrochlore  being  detected  for  annealing  temperatures  of 
tiOO^C  or  above.  In  the  rapid  annealed  samples  no  pyrochlore  is  observed  above  6(X)°C. 
However,  for  films  annealed  below  600°C,  the  volume  of  pyrochlore  varies  considerably 
with  the  age  and  history  of  the  stock  solution.  In  certain  cases  no  pyrochlore  could 
detected  by  X-ray  dififractitm  in  films  which  were  rapid  annealed  at  450°C 
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Figure  1  shows  the  results 
of  the  thermogravimetric  analysis 
of  the  gel.  A  large,  rapid  wei^t 
loss  is  exhibited  up  to  ISO^.  with 
the  rate  of  loss  slowing  down 
between  ISO  and  300°C  tlieie  is 
no  wei^t  loss  betweoi  300**C  and 
approuinately  440^0,  when  again 
thm  is  further  loss.  There  are  no 
weight  changes  above  60O*C 

Figure  2  is  a  TEM  image 
which  shows  part  of  a  transverse 
sectitm  through  a  PZT  thin  film 
which  has  been  annealed  at  600^C. 

The  PZT  film  shovra  well  defined 
grains  at  the  PZT/Pt  interface  with 
a  grain  size  of  SO  to  100  nm.  but 
near  the  surface  a  layer  can  be 
observed  which  has  oidy  a  poOTly 
defined  grain  structure  (veigmg  on 
amorphous).  Inserted  in  the  image  is  a  selected  diffraction  pattern  from  the  film  which 
shows  rings  which  have  arisen  fr^  the  outer  layer  along  with  individual  maxima  from  the 
grains  near  the  PZT/Pt  interface. 

Figure  3  is  a  transmission  electron  micrc^grah  showing  part  of  transverse  section 
through  a  PZT  film  that  has  been  aiuiealed  at  700^C.  In  contrast  to  the  film  annealed  at 
600*’C,  the  whole  film  has  developed  well  defined  ^^ns.  However,  pores  which  are 
approximately  SO  nm  in  size  can  be  observed  in  die  mteriw  of  the  film.  Insorted  in  die 
micromph  is  zcme  axis  diffraction  pattern  which  can  be  indexed  acctvding  to  a  primitive 
cubic  lamce  were  a  =  0.40  nm  _ 

Figure  4  is  a  TEM  image  of  a  PZT  film  annealed  at  8S0°C.  The  film  is  completely 
crystalline.  Pores  can  be  observed  in  the  interior  of  the  film  as  in  the  700°C  film,  but  are 


so  250  ^0  650 

FIGURE  1.  Wei^t  loss  as  a  functi<»  of 
teirqierature  for  a  gel  sample. 


FIGURE  2.  TEM  image  showing 
a  transverse  section  th^gh  a  PZT 
thin  film  annealed  at  600°C 
Inset  is  a  sdected  area  diffraction 
pattern  from  die  film 


FIGURE  3.  TEM  image  of  a  PZT 
thin  film  annealed  at  700°C  Inset  is 
a  <110>  ZADP  horn  a  peiovsldte 
grain. 
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also  seen  at  the  PZT/Pt  inteifKe. 
Deteri<muion  of  the  Pt/ll/SiC)2 
electrode  interfaces  may  also  be 
(4)served  at  this  tenqwfature;  this 
phenomenon  was  not  seen  in 
films  annealed  at  800"C  Insetted 
in  the  micrograph  is  a  daik  fidd 
image  of  a  grain  obtained  using  a 
(hkO)  reflection. 

Figure  5  shows  the 
polarization-field  hysteresis  loops 
fOT  two  differendy  annealed  dim 
films.  That  shown  for  the  film 
annealed  at  800*’C  is  typical  oi 
films  annealed  at  temperatures 
between  650^C  and  800**C.  The 
remanent  polarization  is 
approximately  0.35  C  m*2  with  a 
coercive  field  of  5  to  7  MV  m-1. 

The  series  ciyiacitance  as  a 
function  of  fn^uenc^  for  samples 
annealed  at  different  temperatures 
is  shown  in  Figure  6.  Tlie  films 
for  the  lowest  and  highest 
annealing  teo^ieratuies  show  very 
different  behaviours;  diat  annealed 
at  600‘*C  has  a  low  capacitance 
(»  600  pF),  but  a  relatively  flat 
frequency  characteristic,  whilst 
that  annealed  at  850*’C  has  a 
capacitance  at  10  kHz  of  almost 
8000  pF  which  falls  to  less  than 
1000  pF  at  1  MHz.  The  two 
intermediate  temperature 
specimens  show  increasing 
capacitance  with  increasing 
temperature  but  without  the  large 
decrease  in  capacitance  above 
100  kHz  as  shown  by  the  8S0"C 
annealed  sample. 


FIGURE  4.  TEM  image  of  PZT  film  annealed 
at  85(y*C  Inset  is  a  DF  (hkO)  image  of  a 
single  grain. 


FIGURE  5.  P'E  hysteresis  loqis  for  two 
PZT  thin  films. 


DISCUSSION 

The  X-ray  diffraction  results  seem  to  emphasize  (me  (^  the  major  findings  in  this  work, 
that  the  quality  of  the  films  is  strongly  dependent  upon  die  history  of  the  stock  solution. 
Post-hy(holysis  reproducilnlity  for  individual  stock  solutions  was  good,  therefore  the 
eflects  described  here  appear  to  be  a  function  of  the  pre-hydrolysis  chemistry.  More 
detailed  studies  of  the  stock  solutkm  cbemistiy  are  now  in  progress.  Variations  in  the 
pyiochloie  content  of  die  films  rtqiid  annealed  at  less  than  60(rC  are  Aou^t  to  arise  from 
incomplete  reaction  or  partial  ^stillaticm  of  the  products  from  the  alkoxide  radical 
interchanges  or  the  tead  acetate/alkoxide  reactions.  In  view  of  this,  it  is  perhiqis  surfnising 
that  the  diermogravimetric  analyses  display  a  far  greater  degree  of  consistency;  the  result 
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shown  in  Hgure  1  is  typical.  The 
large  weight  loss  up  to  IQKfC  is 
dwu^t  to  be  associated  with  the 
loss  of  hydroxyl  and  alcohol 
groiqM  fiom  the  gel,  whereas  it  is 
suggested  that  die  weight  loss 
above  400*C  is  due  to  the 
p)^ysis  of  the  acetate  groups.  If 
this  inteipretatkM  is  correct  then 
the  preset  of  acetate  in  die  gd  is 
one  of  the  limitatkMis  to  reducing 
the  processing  temperature  of  the 
films. 

The  observation  that 
hysteresis  loops  may  be  obtained 
for  films  annoded  at  450"C  widi 
rennmeat  pdarizatioa  and  coercive 
fields  i^iproaching  those  of  films 
annealed  at  more  conventional 
temperatures  (800**C).  is 
encouraging  and  may  be  imfioktive 
of  the  formation  of  perovsldte  at 
relatively  low  temperatures.  However,  the  con^lete  development  of  the  perovsldte  phase, 
together  with  a  dense  microstiucture.  requires  higim  anneafing  temperatures,  as  shown  by 
the  X-iay  diffraction  en^sut  and  the  T^  investigations.  The  low  capacitance  exhibited 
by  films  annealed  at  60(rC  and  below  may  be  interpreted  as  due  to  the  presence  of 
pyiochlore  and  the  limited  decree  ot  crystallization  in  the  films.  Above  diis  temperature 
full  crystallization  the  films  IS  observed,  bm  the  cqMdtance  is  limned  by  the  presence  of 
porosity.  At  SOffC.  the  large  value  of  relative  permittivity  of  1250  at  1  kHk  similar  to  that 
of  dense  bulk  sanqiles  of  PZT.  suggests  dun  near  to  die  optimum  density  oi  the  films  has 
been  achieved,  de^te  the  observation  of  some  remaining  porosity.  The  large  decrease  in 
capacitance  at  high  fiequency,  for  sanqiles  annealed  at  tenqieratutes  above  MXfC,  may  be 
due  to  the  presence  of  a  hi^  resistance  in  series  with  the  film.  The  degradation  oi  the 
electrode  region  observed  in  these  san^ks  is  consistent  widi  this  interpretation. 

Figure  2  appears  to  show  that  in  the  rtqiid  aimealing  process,  crystallization  of  the 
perovsldte  phase  commences,  or  inoceeds  most  quickly,  close  to  the  PZT/Pt  interfacf, 
Conventional  annealing  cycles  are  thought  to  be  too  slow  for  this  inhomogeneous  phase 
develt^ment  to  be  obso^.  It  is  not  Iwwn  whether  the  ^ect  is  due  to  a  catalytic  or 
epitaxial  influence  the  Pt  etoctrode  wfaidi  promotes  the  growdi  of  die  perovsldte  phase, 
or  whether  it  may  be  attributed  to  the  transparency  oi  die  film.  In  the  latter  case,  the 
radiation  would  initially  be  absorbed  or  reflected  at  tte  filnVPt  interfile,  causing  a  themud 
gra^ent  fiom  the  electtode  to  the  surface  of  the  film,  with  the  hi^iest  temperatures  in  the 
region  of  the  electrode.  Further  experiments  ate  being  carried  out  on  a  variety  of  substrates 
and  electroctes  which  noay  resolve  this  issue. 

In  sumnuury,  the  following  scheme  may  be  prqiosed  fa-  the  evolution  of  PZT 
films  produced  fnm  the  above  sol-gel  method  Iw  taj^  annealing;  pyrolysis  of  the  film  is 
complete  by  4S0*’C,  firstly  by  removal  of  hymoxyl  and  alcdiol  groups,  secondly  by 
pyrolysis  of  acetate  groups.  Crystallization  df  the  PCT  perovsldte  phase  has  started  at  this 
tempmture  and  proceeds  fiom  the  electrode  towards  the  film  surface,  however  the 
presoice  a  pj^hlore  phase  in  greater  or  lesser  amounts  is  detemaned  die  history  of 
the  stock  stdution  reactions.  Conversion  to  100  %  perovsldte  is  complete  1^  70(^C. 
Densification  of  the  film  progresses  to  800”C,  above  this  temperature  electrode  and 
substrate  interactions  d^rade  te  contact  resistance  between  the  Pt  elecoode  and  the  film. 


FIGURE  6.  QqMcitance  of  films  as  a 
functkn  of  fiequency  and  annealing 
temperature. 
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The  thermal  treatment  needed  to  produce  device  quality  films  is  determined  by  two 
requirements:  the  pyrolysis  of  the  acetate  groups  in  the  gel  and  the  elimination  of  pmosity 
from  the  films.  Although  the  drying  processes  in  the  gel  undoubtedly  contribute  to  the 
porosity,  it  is  probabte  mt  the  pyrolysis  of  dre  acetate  gro^s  in  the  gel  may  itself  result  in 
the  frmnation  of  micto-pores  which  on  coalescence  limit  dens^cation  until  higher 
tenqmatures.  It  would  seem  that  to  reduce  i»ocessing  temperatures  significantly,  attention 
should  first  be  focused  upon  the  possibility  of  the  elimination  of  acetate  groups  from  the 
gel  befme  deposition. 

Previous  woricers  have  shown  that  the  likely  reactions  during  fmmation  of  the 
stock  solution  are  the  replacement  of  the  alkoxide  prt^yl  groups  by  2-methoxy  ethyl 
groups  and  then  reaction  of  the  resulting  methoxy  ethoxides  with  Pb  acetate.  Dekeleva  et 
alll  carried  out  analysis  of  the  distillation  prt^ucts  to  show  that  in  the  first  case  the 
complete  removal  n-propyl  groups  is  not  achieved  until  temperatures  approaching  the 
boiling  point  of  the  2-methoxy  ethanol.  This  is  possibly  one  source  of  variation  between 
batch^  of  stock  solution.  Secondly  they  found  that  only  half  the  acetate  groups  present 
could  be  removed  fixim  the  stock  solution  by  distillation  in  the  form  of  2-methoxy  ethyl 
acetate.  This  suggests  that  the  result  of  the  reaction  between  lead  acetate  and  the  2-methoxy 
ethoxides  is  (0R)3M-0-Pb(CH3C00),  in  which  M  is  either  Zr  or  Ti  and  R  is  2-methoxy 
ethyl,  and  that  filler  reactions  of  this  molecule,  resulting  in  removal  of  the  acetate,  do  not 
occur.  A  partial  charge  model,  as  proposed  by  Livage  and  Henry^^,  has  been  used  to 
estimate  the  relative  (xobability  of  possible  reactions  within  the  stock  solution.  In  keeping 
with  the  findings  of  Dekleva,  the  above  mentioned  reaction  between  the  alkoxide  and  lead 
acetate  was  shown  to  be  likely,  whereas  the  probability  of  the  removal  of  the  remaining 
acetate  group  from  the  product  by  further  reaction  was  ^wn  to  be  highly  dependent  upon 
the  mixture  of  alkoxy  ^oups  attached  to  the  tetravalent  cation. 

Further  partial  charge  calculations  and  experiments  are  in  progress  to  determine  the 
conditions  required  to  remove  all  the  acetate  groups  from  the  stock  solution  before 
hydrolysis. 
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GROWTH  OF  PARA-  AND  FERROELECTRIC  EPITAXIAL 
LAYERS  OF  KTai.|Nb«Os  BY  LIQUID  PHASE  EPITAXY 


ROLAND  GUTMANN.  JORG  HULUGER  and  HERMANN  WOEST 
bstituie  oi  Quantum  Electroaics,  ETH  HOnggeritets,  CH-8093  ZQrich 


Abaract  Para-  and  ferroelectric  layers  of  KTai-xNbxQ}  (KTN)  could  be  grown  on 
pure  and  Sn-doped  (100)  KTaOs  substrates  by  liquid  phase  epitaxy  from 
KF/KTN,  K2M0O4/KTN  and  KTN/K2O  stdutions.  Depending  on  the  required 
layer  thickness  either  dilute  sdutions  of  KTN  and  KF.  K2M0O4  or  a  KTN  melt 
with  an  excess  (rfK20  were  used  Lattice  fitting  could  be  achieved  by  die  growth 
of  KTN:Na  layers.  The  epitaxially  grown  samples  were  analysed  by  optical 
microscopy,  wavelength  dispersive  electron  probe  microanalysis,  scanning 
electron  microscopy,  x-ray  and  dielectiv;  measurements.  Feiroelectricity  at  room 
tenqierature  was  demonstrated  by  hysteresis  loop  measurennents. 


INTRODUCTION 


The  growth  fA  homogeneous  epitaxial  layers  oi  KTai.xNbxQ3  (KTN)  by  liquid  phase 
epitaxy  (LPE)  for  pytoelectricaL  ferroelectrical  or  optical  use  is  a  challenge  in  regard  to 
existing  growth  problems  for  homogeneous  KTN  bulk  crystals.  Depending  on  possible 
applications  either  thin  (1  -  10  iun)  or  thick  (>  SO  pm)  monocrystalline  layers  are 
necessary.  Such  thickness  requirements  cannot  be  fulfilled  by  only  one  solvent  because 
the  growth  time  in  case  of  a  dilute  stdutkm  (necessary  for  thin  layers)  would  be  too  long 
to  obtain  thick  layers  of  a  homogeneous  thickness.  In  contrast,  from  concentrated 
solutions  the  reproducible  growth  (flayers  with  thicknesses  h  <  10  pm  seem  not  to  be 
possible. 

For  optical  investigations  any  kind  of  lattice  defects  related  to  misfit  relaxation 
should  be  avmded.  This  implies  a  reduction  of  die  lattice  misfit  between  the  cubic 
KTaOs  substrate  and  the  KTN(x)  layers.  For  pm  thick  paraelectric  and  cubic 
KTN(x  s  0.29)  layers  a  misfit  of  10*^  exceeds  a  critical  value  and  creams  dislocations 
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dueloaladiccidaxiikwofifaeqiittJMlsystem.  VwioosappwMttheifarilieigdiictiopof 
the  lattice  misfit  are  possiUe.  An  incicaae  of  the  sobitnte  laitioe  ooastam  as  weU  as  die 
growth  of  buffer  layers  seems  more  difficult  than  a  reduction  of  the  layer  constant 
achieved  simply  by  exchanging  die  A>ian  of  the  ABO}  lattioe  1^  a  snoaOer  iaovalent  ion. 
Solid  soludoo  formadon  of  KTN  with  Na  was  successfully  performed  and  the 
replacement  of  a  relatively  small  amount  of  K  by  Na  (y  <  O.IS)  did  not  change  the 
dielectric  or  fenoekctric  behaviour  of  the  Ki.yNayTai.sNbiO)  layer  ^fecdvely. 


GROWTH  OF  SUBSTRATE  CRYSTALS 


LPE  investigations  will  need  KTaO}  crystals  of  a  low  defect  density.  Both,  pure  and 
(k^ied  crystals  were  grown  from  a  hi^  temperature  KTa03/K20  scdution  with  S  nKd% 
K^Oby  the  top  seeding  mtthod.  After  a  superheating  period  (~  4  h,  1370  **0  a  (100)  or 
(110)  KTaOs  seed  was  btou^  in  contact  widi  the  meh.  Pulling  rates  (d  ~  0.3  mm/h  «id 
a  tcoopetature  decrease  of  ~  0.04  **Oh  lead  to  transparent  and  colourless  crystals  of  up  to 
2  cm^.  To  control  the  growth  rate  and  crystal  diameter  the  weight  change  was  recorded 
by  a  digital  balance.  The  addition  of 300  to  2000  ppm  SnQz  to  the  solution  increased  the 
crystal  quality  and  reduced  the  electrical  resistivity  from  o»  1.2x  10^^  Qm  for  pure 
crystals  to  o-  3.6  x  10^  Qm  for  a  crystal  grown  from  a  solution  containing  1(XX)  {qim 
SnOi.  The  effective  distribution  coefficient  for  Sn  is  approximately  k«{r(Sii)  0.44.  The 
reduction  of  the  resistivity  will  facilitate  the  use  the  substrate  as  a  badt  electrode  for 
dielectric  measurements,  pding  experiments  and  for  device  applications,  where  the 
physical  properties  are  contrdled  by  electric  fields. 


EPITAXIAL  EXPERIMENTS 


Epitaxial  growth  from  dilute  solutions  using  KF  or  K2M0O4  as  a  solvent  were 
performed  in  a  highly  temperature  stabilized,  3  zone,  resistor  heated  furnaceL  The 
growth  from  a  concentrated  solution  with  K2O  as  solvent  was  done  in  a  Czochralsld 
apparatus  with  tenqieratuies  op  to  1400  In  this  case  the  growtii  was  controlled  by 
a  digital  balance  with  mg  resolution.  To  ensure  homogenization  of  the  sdution  both  set¬ 
ups  were  equipped  witii  the  accelerated  cruciUe  rotation  technique  (ACRT). 

Growth  experiments  from  KF  solutions 

Preliminary  dissolution,  crystallization  and  epitaxial  experiments  with  KTN  in  a 
KF/KTN  solution  gave  jffomising  results  in  regard  to  the  disscdution  and  crystallization 
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behavuMB’  of  KTN^.  HonK^eneous  and  hetoogeneous  nucleatioo  produced  blue 
orfoured  aystab  or  layers  of  iun  thickness.  The  blue  colour  could  be  completely 
removed  by  Oj  annealing  at  930  "C  for  20  h.  To  elaborate  the  suitable  concentration 
range  and  the  width  of  the  metastable  regions  the  correqxmding  part  oi  the 
KF/ICTN(x  >»  0.68)  phase  diagram  for  92  ^  ckp  ^  99.3  mol%  was  demmined.  The 
liquidus  and  solidus  temperature,  shown  in  Figure  1.  was  obtained  with  a  heating  and 
cotding  rate  2  **CVtaiin. 


Epitaxial  growth  on  cm^  sized  (100)  KTaQs  substrates  gave  pm  thick  paraelectric 
KTN(x  s  0.29)  layers  finom  a  KF/KTN(x  =  0.68)  solution.  Ferroelectric  KTN(x  =;  0.43) 
layers  were  obtained  from  a  KF/KTN(x  =  0.82)  solution.  Lattice  misrit  induced  defects 
could  be  avoided  by  the  incorporatioa  of  Na.  which  reduced  die  lattice  constants)  in  die 
cubic  and  tetragonal  phases.  A  misfit  minimum  without  lattice  relaxation  defects  could  be 
achieved  by  the  use  of  a  solvent  mixture  of  88.3  mol%  KF  and  11.3  mol%  NaF  for 
cubic  layers  (x  =  0.29),  and  87.9  mol%  KF  and  12.1  iiKd%  NaF  for  tetragonal  layers 
(x  =  0.43).  For  growth  temperatures  between  870  and  943  **€  growth  rates  of 
0.1-2  iimfrnin  for  pure  and  Na  enriched  layers  were  found.  Detailed  information  on  die 
growth  of  lattice  fitted  para-  and  ferroelectiic  KTN  layers  will  be  puUished  elsewhere^. 

Growth  experiments  from  K2M0O4  stdutions 

Epitaxial  experiments  growing  KTN  from  K2M0O4  stdution  gave  ctdouriess  layers  of 
good  crystal  quality  showing  a  higher  distribution  coefficient  for  Nb  in  comparison  to 
KF  solutions.  In  contrast  to  KF  solutions,  substrate  (mentations  other  than  (100)  e.g. 
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(1 10)  could  be  used  lo  obtain  flat  layers  by  post-growth  polishing  The  growth  rates  for 
a  solute  concentration  of  Crm  i  2  niol%  and  growth  temperatures  b^ween  910  and 
960  varied  between  0.1  and  1  lun/iaiin.  The  main  problem  with  the  use  of  K2M0O4  is 
the  low  solubility  of  KTN  (cktn  ^  2  mol%)  and  the  dependence  oi  the  distribution 
coefficient  for  Nb  on  the  growth  temperature.  An  effective  lattice  fitting  was  not 
possible,  because  the  addition  of  Na2Mo04  to  the  solution  changed  the  layer 
composition  (x)  and  reduced  the  already  small  solubility  of  KTN. 

Growth  experiments  from  K2O  solutions 

The  epitaxial  growth  behaviour  of  KTN  from  concentrated  K2O  solutions  with 
Cktn  =  95  niol%  showed  a  different  behaviour  with  regard  to  a  variation  of  the  growth 
rate  from  2.S  to  30  um/min.  Also,  the  supercooling  tenq)erature  was  only  a  few  degrees 
above  the  tenq)erature  where  heterogeneous  nucleation  occured.  At  a  growth  tenqjerature 
of  ~  1190  °C  and  growth  times  of  1  -  10  min  layers  with  thicknesses  between 
15  - 150  tun  were  typically  obtained.  For  layer  thicknesses  above  20  pm  a  slightly  milky 
appearance  was  created  by  domains.  Strfutions  containing  68  and  72  mol%  Nb  produced 
KTN(x)  layers  with  x  =  0.37  and  x  =  0.41,  re^ctively.  These  samples  were 
completely  colourless  and  showed  the  known  misfit  induced  defect  pattern  at  the 
substrate/layer  boundary.  This  defect  regicm  did  not  extend  through  the  whole  layer 
thickness  but  was  restricted  to  a  few  pm  near  the  interface.  Therefore,  lattice  fitting 
experiments  (e.g.  by  the  addition  of  Na20  or  Li20)  seem  not  to  be  necessary.  In  the 
part  of  such  a  50  pm  thick  KTN  layer  a  7  pm  thick  optical  waveguiding  structure  was 
produced  by  He'*'  inqrlantation^. 


ANALYSIS 


The  investigation  of  the  KTN  layers  was  poftvmed  by  a  variety  of  analytical  metiiods 
including  q)tical  microscqry  (OM),  scanning  electron  microsct^y  ($£M),  wavelength 
dispersive  electron  probe  microanalysis  (EPMA),  Rutiierfotd  backscattering  (RBS), 
x-ray  diffraction  measurements,  charuieling  experiments  with  electrons  and  a-particles. 
Auger  electrcm  q)ectroscopy  (AES),  x-ray  photoelectron  spectroscq>y  (XPS),  dielectric 
and  hysteresis  measurements. 

At  first  the  quality  of  the  as  grown  layers  was  investigated  by  OM  and  SEM.  OM 
with  polarized  light  or  diffoential  interference  contrast  showed  defects  like  domains, 
lattice  misfit  relaxations  at  the  substrate/layer  interface  and  macrosteps  at  the  surface.  For 
KF/KTN  solutions  layers  of  optical  quality  can  only  be  obtained  for  (1(X))  substrates. 
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For  surfaces  without  macrost^  the  misorientation  should  be  <  OJ**  ^ 

The  layer  thicknesses  were  measured  either  mechanically  or  by  RBS  in  cases  of 
thicknesses  below  5  |im.  The  dependence  of  die  thickness  on  the  growth  time  and 
supersaturation  gives  information  on  the  growdi  mechanism  and  the  thermodynamical 
behaviour  of  the  growth  system. 

Further  woric  concentrated  on  the  determinatioD  of  the  lattice  quality  of  the  layers. 
Extensive  x-ray  diffraction  measurements  of  001  peaks  with  /  s  i  to  8  established 
monocrystalline  epitaxial  layers.  A  high  resolution  x-ray  diffractometer  system  allowed 
the  determination  of  the  lattice  misfit  f  <  1(H.  For  cubic  layers  the  001  reflections  were 
sufficient  but  for  ferroelectric  (tetragonal)  layers  the  asymmetric  Bragg  diffraction 
technique  had  to  be  a{q)lie(P.  In  addition,  die  crystal  quality  of  the  substrate  and  the  layer 
was  inspected  by  x-ray  rocking  curves  and  channeling  experiments^. 

The  chemical  composidon  and  homogeneity  of  the  KTN  layers  was  investigated  by 
FPMA,  AES,  XPS  as  well  as  by  dielectric  permittivity  measurements.  EPKfA  enabled  a 
precise  quantitative  determination  of  the  main  elements  including  F  and  O  if  iqipropriate 
reference  samples  were  used.  The  chemical  homogeneity  was  explored  by  AES  and 
XPS^.  XPS  also  offers  the  possibility  of  checking  the  chemical  oxidation  state  of  the 
layer  forming  ions.  This  was  tqiplied  to  blue  layers  before  and  after  the  disetdouration  by 
O2  annealing^.  The  fact  that  KTN  bulk  crystals^*'^  and  also  thin  layers’  exhibit 
composition  dependent  phase  transitions  (Figure  2)  leads  to  a  further  method  to 


Temperature  [®C] 

FIGURE  2  niase  transitions  of  a  KTN(x  =  0.45)  layer,  grown  rm  a  (1(X))  KTaOs 
substrate  from  a  KF-KTN(x  =  0.82)  solution  with  cktn  =  8  mol%,  h  =  12  pm. 


determine  the  Nb  content  of  discoloured  layers.  The  discolouration  is  necessary  since 
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blue  layers  show  a  low  resistivity  of  a- 5  Qm,  while  for  the  odourless  ttatc  a  value  of 
o«2.9x  10*  ilm  was  measuied.  The  influence  of  Na  doping  oo  the  physical  properties 
dKTN  layers  was  also  investigated  by  dideciric  measurements.  Beside  a  snail  increase 
in  Tc  of  0.9  **C^iiol%  due  to  Na  inooqwration.  no  degradation  effects  were  evident 

Fenoelectricity  for  e|»taxial  KTN  layers  was  demonstrated  by  dielectric  hysteresis 
measurements.  With  2  parallel  strip  ^Id  etocoodes  placed  on  the  layer  surface 
(separation  0.2  mm)  and  the  iq)|dication  of  an  ac  vdtage  of  1 10  V,  SO  Hz  a  hysteresis 
loop  as  shown  in  Figure  3  could  be  recorded. 


HGURE3 

Ferroelectric  hysteresis  loop  of 
a  KTN  (X  *  0.45,  y  =  0.125) 
layer  with  h  =  28  pm  and 
Tc  =  61  "C;  Ec  ~  2  kV/cm  at 
T  =  23‘»C 


Further  analytical  and  material  specific  measurements  such  as  die  determination  of  the 
pyroelectric  coefficient  and  an  analysis  of  the  domain  structure  are  in  process. 
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Abstra«  PLZT  thin  films  have  been  deposited  using  the  emerging  PVD  technique 
of  dual  ion-beam  sputtering  (DIBS).  Tlie  DIBS  process  pr^uces  high  quality 
orientated  peiovskite  films  of  bulk  refiractive  index,  good  stoichiometry  and  full 
density,  i.e.,  few  pinholes.  Films  have  been  formed  at  S0()-6()0°C  onto  sapphire, 
fused  silica,  M^  and  silicon  substrates  by  sputtering  from  an  adjustable 
composite  PLZT  ceramic/Ti  and  Pb  metallic  target.  Some  substrates  were  coated 
with  platinum  prior  to  deposition  to  allow  longit^inal  electrical  measurements  on 
the  films.  Perovskite  lead  titanate  PLZT  (0/0/100),  PLZT  (10/0/100)  and  PLZT 
(28/0/100)  films  have  been  grown,  the  former  two  are  of  interest  for  thin  film 
pyroelectric  detectcxs  whereas  the  latter  is  a  quadratic  electro-optic  suited  to  optical 
waveguide,  shutter  and  switching  applications. 


INTRODUCTION 

The  quartemary  solid  solution  of  PLCT(x,y,z) 

Pbi-3/2xLax(ZryTij)03  (1) 

is  a  well  known  fenoelectiic  material  that  exhibits  piezoelectric,  pyroelectric,  linear  and 
quadratic  electro-optic  properties  depending  on  the  composition.  In  bulk  form,  it  has 
been  applied  to  a  wide  variety  of  ferroelectric  devices*.  Thin  films  of  PLZT  are  of 
interest  for  enhanced  pyroelectric  detectors^,  optical  waveguides  and  switches^  and 
non-volatile  memory  applications^.  In  particular,  full  monolithic  integration  of  such 
films  with  semiconducting  materials  would  yield  significant  advantages  in  terms  of 
increased  speeds,  reduced  voltages  and  enhanced  response.  Due  to  the  high 
temperatures  required  for  the  formation  of  the  ferroelectric  perovskite  phase  and  the 
complex  stoichiometry,  the  production  of  thin  film  PLZT  has  not  proved  easy  and,  at 
present,  a  wide  variety  of  thin  film  synthesis  techniques,  such  as  MOCVD,  sol-gel,  RF 
magnetron  and  ion  beam  sputtering,  and  laser  ablation  are  subject  to  intensive 
research^.  In  this  paper,  we  report  the  use  of  the  emerging  PVD  technique  of  dual  ion 
beam  sputtering  (DIBS)  for  the  synthesis  of  PLZT  thin  films.  The  compositions  PLZT 
iOmOO)  (i.e.  pure  lead  titanate),  PLZT  (10A)/100)  and  PLZT  (28/0/100)  have  been 
selected.  The  former  two  have  been  reported  as  useful  for  thin  film  pyroelectric 
detectors^  and  the  latter  for  a  large  quadratic  electro-optic  effect  relevant  to  optical 
shutter  and  waveguide  applications^. 
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FIGURE  1  Schematic  diagram  of  the  DIBS  system. 

EXPERIMENTAL  PROCEDURE 

The  Nondiko  3450  DIBS  system.  Figure  (1),  is  composed  of  a  cryo  and  turbo- 
molecular  pumped  chamber,  base  pressure  5  x  lO-^torr,  a  target  turret,  an  800®C 
rotating  heater  platen  and  two  RF  plasma  driven  ion  guns  capable  of  generating  ion 
beams  from  reactive  or  inen  gases  for  extended  periods  of  time.  The  chamber  is  also 
fitted  with  two  fllamentless  electron  sources  for  beam  neutralization  and  two  faraday 
cups  for  measurement  of  beam  current  density.  Generally,  a  high  energy  argon  ion 
beWi  in  the  range  600-700eV,  80- 100mA  and  beam  current  density  (BCD)  1-SmA/cm^ 
is  used  to  sputter  material  from  a  target  while  the  substrate  is  immersed  in  a  pure 
oxygen  ion  beam  of  O-lOOeV,  0-4(kiiA  and  BCD  0-0.2mA/cm2.  More  energetic 
oxygen  m-  ^on  ion  beams  can  be  used  to  clean  the  substrate  prior  to  film  growth.  A 
neutralisation  level  of  1 10%  is  used  to  ensure  stability  during  the  deposition  of 
electrically  insulating  films.  The  DIBS  process  has  a  number  of  advantages,  including: 
low  pressure  deposition  (typically  lO^torr);  low  film  contamination  (no  filmaments); 
excellent  film  adhesion;  high  frlm  density  and  refractive  index;  and  full  anion 
stoichiotnetry  for  reactive  deposition. 

Fot  PLZT  deposition,  an  adjustable  composite  target  has  been  developed  and  is 
depicted  in  Figure  (2).  Pieces  of  titanium  metal  and  PLZT  ceramic  are  tolted  to  a 
copper  backing  plate  through  a  lead  sheet  using  hi^  purity  titanium  bolts  (>99.9% 
purity).  By  varying  the  configuration  and  utilising  various  PLZT  ceramic 
compositions,  fUms  of  the  desired  sunchiometry  were  obtained. 

PLZT  films  have  been  grown  onto  (1102)  sapphire,  (100)  MgO,  alumina  capped 
silicon  and  plain  silicon  substrates.  Films  of  interest  as  thermal  detectors  have  b^n 
grown  onto  substrates  previously  coated  with  ISOOA  of  platinum  to  act  as  a  bottom 
electrode.  Films  aim^  at  optical  applications  were  deposited  on  double  polished 
sapphire  or  fused  silica  to  allow  transmission  measurements. 

Film  composition  has  been  deteimined  by  microprobe  EDAX  using  7.S  or  10  keV 
electrons  over  a  100]im  square;  in  combination  with  film  of  thickness  in  excess  of 
O.Spm,  the  signal  ^m  the  substrate  could  be  minimised.  Structure  was  determined 
by  X-ray  dif^ction  (XRD)  using  Cuq  radiation.  Optical  properties  have  been 
assessed  by  UV/visible  spectrophotometry.  Electric  and  pyroelectric  properties  were 
deteimined  either  from  si^ace  interdigitatra  electrodes  or  tc^  and  bottom  electrode 
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FIGURE  2  Typical  Target  Configuration  for  PLZT  Sputtering, 
using  standard  bridge  techniques. 

Some  films  were  anneal^  after  deposition  in  a  tube  furnace  at  SS0-7S0°C  in  static 
air  or  flowing  oxygen  for  10  hours  to  induce  or  improve  the  perovskite  phase.  In 
some  cases,  PLZT  spacer  powder  was  placed  around  the  film  during  annealing. 


BESIiLIS 

For  all  PL2rr  films  it  has  been  found  that  the  DIBS  process  suppresses  the  formation 
of  the  pyrochlore  phase.  Generally,  most  deposition  processes  produce  the  pyrochlore 
phase  in  the  450-550®C  range  and  perovskite  between  500-650®C5.  DIBS  films  are 
amorphous  up  to  400*’C  above  which  perov^te  peaks  begin  to  appear.  Above  SS0°C, 
the  perovskite  phase  becomes  dominant.  Trace  pyrochlore  peaks  occasionally 
app^ued  on  Si,  Si02  and  MgO  substrates,  but  never  on  s^phire.  It  is  suggested  this 
effect  is  due  to  the  oxygen  ion  bombardment  which  prevents  oxygen  de^iency.  In 
flowing  molecular  o^gen  (ie,  no  plasma  or  ion  beam)  films  were  vinually  lead  fiee 
(^1.0At%)  above  4S0^C  and  were  amorphous.  Thus,  ^e  effect  of  the  oxygen  plasma 
was  retention  of  significant  quantities  of  lead  in  the  film  even  up  to  6S0^C.  Up  to 
beam  energies  of  ISOeV,  above  which  the  film  growth  rate  was  reduced,  the 
generation  of  an  ion  beam  from  the  plasma  had  little  effect  on  film  stochiometry,  phase 
or  growth  rate,  although  the  refractive  index  of  bombarded  films  tended  to  be  higher. 

In  all  cases,  the  dominant  parameters  controlling  the  lead  content  of  a  film  were  the 
target  configuration  and  the  substrate  temperature.  The  temperature  dependence  is  an 
effect  common  to  all  vacuum  based  PLZT  thin  film  deposition  processes  and  is  caused 
by  the  high  volatility  of  Pb  and  PbO.  Since  perovskite  formed  only  above  550®C,  the 
target  configuration  was  adjusted  to  give  the  correct  composition  in  this  temperature 
regime.  For  example  ,  fcr  1^  titanate  at  S80°C  a  metallic  Pb/Ti  target  that  gave  a  9: 1 
Pb;Ti  incident  atomic  fj’jx  on  the  substrate  (as  measured  cold)  was  required  to  give  1:1 
stoichiometry  in  the  li^m. 

For  PLCT  (KVO/lOO)  an  PLZT  (28AV100),  it  has  been  found  that  an  increase  in  the 
La  dopant  level  occurs  between  the  target  ceramic  and  the  film.  A  PLZT  (28A)/100) 
target  gives  PLZT  (35-40/0/100)  films.  Extra  titanium  on  the  target  or  a  lesser  La 
do^  target  coamic  were  used  to  correct  this  problem.  Growth  rates  have  been  in  the 
range  0.1-0.2S^m/hour.  Surprisingly,  in  view  of  their  relative  known  sputtering 
rates,  the  faster  growth  rates  occurred  for  ceramic  dominated  targets  and  the  slowest 
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FIGURE  3  XRD  traces  of  lead  titanate  films  on  silicon  (i),  sapphire  (ii)  and  MgO  (iii). 

for  fully  metallic  targets.  Growth  rates  for  films  grown  below  400"C  were  of  (Hder 
O.Spnyhour,  but  this  needs  to  be  offset  against  the  required  annealing  time. 

Figure  (3)  shows  the  XRD  traces  for  1.0|mt  thick  lead  titanate  films  grown  onto 
platinum  capped  (100)  silicon,  (1102)  sapphire  and  (1(X))  MgO.  A  measure  of  film 
orientation  has  been  defined^ 


For  lead  titanate  powder  a  =  0.33,  for  a  film  on  platinum  on  silicon  a  =  0.10,  fOT 
sapphire  or  platinum  on  alumina  capped  silicon  a  -  O.Sl  and  fm*  MgO  a  =  0.80.  The 


SILICON 
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FIGURE  4  X-ray  difiiraction  traces  for  (i)  FLZT(28/0/100)  ceramic  and  fw  PLZT 
films  on  sapphire  (ii)  -  Qv). 
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orientation  behaviour  is  attributed  to  thermal  expansion  mismatch  stress  between  film 
and  substrate.  The  high  thermal  expansion  coefficient  of  MgO  (14  x  lO^K'l)  places 
the  film  in  compression  on  cooling  and  at  the  cubic-tetragonal  phase  change  forces  the 
longer  ((X)l)  c  axis  out  of  the  plane.  This  is  beneficial  to  thin  film  pyroelectric 
properties,  but  implies  that  a  lead  titanate  film  on  silicon  for  integrated  devices  tends 
towards  the  unwanted  (100)  orientation  due  to  the  small  thermal  expansion  coefficient 
of  silicon.  However  capping  silicon  with  alumina  does  force  the  orientation  towards 
(001)  as  compared  with  plain  silicon. 

To  examine  the  electrical  properties  of  the  film  1mm  diameter  chrome/gold 
electrodes  were  applied  to  the  top  of  the  film.  For  thin  films  (<0.5  micron)  most 
electrodes  were  found  to  have  shorts  to  the  bottom  electrode  but  once  the  film 
thickness  approached  1  micron  this  proved  less  of  a  problem.  For  the  lead  titanate 
films  the  room  temperature  dielectric  constant  was  300  and  the  loss  was  0.033.  For  La 
doped  films  the  dielectric  constant  was  higher  at  450  and  a  loss  of  0.015.  Some 
pyroelectric  activity  was  observed  in  films  as  deposited  but  this  was  improved  by 
poling  with  fields  up  to  7  kV/mm.  Pyroelectric  coefficients  in  the  range  0.5-2. 5  xlO"^ 
Cm'^K'*  have  been  measured  which  translate  into  a  figure  of  merit  Fd  of  2.6  xlO'^Pa* 
fix'  both  pure  and  La  doped  lead  titanate  films. 

The  effect  of  La  doping  on  lead  titanate  is  to  reduce  the  tetragonality  at  a  given 
temperature  and  for  PLZT  (28A)/100)  the  structure  remains  cubic  at  room  temperature. 
Figure  (4(i))  shows  an  XRD  pattern  for  randomly  orientated  polycrystalline  PLZT 
(28A)/100).  For  post  annealed  films,  the  XRD  trace  reveals  an  identical  randomly 
oriented  polycrystalline  structure.  For  in-situ  grown  perovskite  films,  the  crystalline 
quality  is  much  higher,  but  the  orientation  behaviour  is  complex.  Figures  (4(ii),  (iii) 
and  (iv))  show  XRD  traces  for  (100),  (110)  and  (111)  orientated  l|im  thick  films 
grown  under  near  identical  conditions  onto  (1 102)  sapphire.  Generally,  films  with 
two  of  these  orientations  in  any  combination  can  occur  but  complete  random 
orientation  never  occurs.  There  is  some  critical  process  parameter  that  controls  the 
resultant  film  orientation  which  remains  to  be  identified. 

In  appearance  in-situ  depositied  perovskite  films  are  smooth,  highly  transparent 
with  a  slight  yellow  tinge  with  the  PLZT  (28/0/100)  having  a  shon  wavelength 
transmission  limit  of  330nm  and  a  refractive  index  of  2. 5-2.6.  The  PLZT(28/0/100) 
films  have  a  dielectric  constant  of  15{X)  at  room  temperature  but  as  yet  no  electro-optic 
activity  has  been  observed.  The  reasons  for  this  are  unclear  but  it  is  suggested  that  the 
nature  of  the  DIBS  process  produces  an  unusual  morphology  that  inhibits  activity;  the 
process  has  not  yet  been  fully  optimised  in  this  respect.  Annealed  films  have  a  much 
poorer  morphology  with  a  rosette-like  structure,  extensive  cracking  and  a  dielectric 
constant  half  that  for  in-situ  deposited  films.  Uniformity  of  thickness  and  composition 
of  the  order  2%  over  5()mm  has  been  achieved  for  both  types  of  film. 

Pan  of  this  work  has  been  carried  out  with  the  support  of  the  Procurement 
Executive  Ministry  of  Defence. 


EEEEREMCES 

1 .  G.H.  Haertling,  Ferroelectrics.  25.  25  (1987). 

2 .  R.  Takayama,  Y.  Tomita,  K.  lijima  &  I  Ueda,  Ferroelectrics.  118.  325  (1991). 

3.  H.  Adachi,  T.  Mitsuya,  O.  Yamazaki  &  K.  Wasa,  J.  Appl.  Phvs..  736 
(1986). 

4.  E.M.  Griswold,  M.  Sayer,  D.T.  Amm  &  I.D.  Calder,  Can.  J.  Phvs..  69.  260 
(1991). 

5.  R.A.  Roy,  K.F.  Etzold  &  J.J.  Cuomo,  Mat.  Res.  Soc.  Svmp.  Proc..  200.  141 
(1990). 

6.  H.  Adachi,  T.  Mitsuya,  O.  Yamazaki  &  K.  Wasa,  Jap.  J.  Appl.  Phvs..  24.  13 
(1985). 


FemOtctria,  1992,  Vol.  134,  pp.  M3-312 
Reprints  available  (firectly  from  the  puMaher 
Photocopyii^  pennitted  ^  hcense  only 


O  1992  Gordon  and  Breach  Sdenoe  Pubhriiers  S.A. 

Printed  m  the  United  States  of  America 


TfCl7 

MICROSTRUCTURAL.  COMPOSITIONAL  AND  ELECTRICAL 
CHARACTERIZATION  OF  FERROELECTRIC  LEAD  ZIRCONATE 
TTTANATE  THIN  FILMS 

MARIA  HUFFMAN.  F.D.  GEALY.  LEE  KAMMERDINER.  PETER  ZURCHER 
Ramtroa  Intenutioiial  Corpondon,  Colorado  Springs.  CoIocmIo.  U.S.A. 

JANE  G.  ZHU.  MOWAFAK  AL-JASSIM 

Natitxial  Renewable  Energy  Laboratory,  Golden.  Colorado.  U.S.A. 

CHUCK  ECHER 

National  Center  for  Electron  Microscopy.  Berkeley,  California.  U.S.A. 

Abstract  Thin  lead  zitconate  dtanate  (PZT)  fenoelectric  films  are  currently  being 
used  in  a  variety  of  applications.  One  of  the  more  novel  uses  is  in  non-volatile 
random  access  memory  devices.  In  this  study,  polycrystalline  ferroelectric  thin 
fflbins  were  rf-^ttered  on  Pt-metallized  Si  wafers.  La-doped  as  well  as  undo^ 
PZT  films  were  arudyzed.  The  microsiructure  was  examined  by  X-ray  diffraction 
andTEM.  The  electiKal  duuacterization  was  carried  out  on  discrete  PCT  ci^Mcitors 
by  using  switching  measurements  between  20  and  ISO*  C.  Nanoprobe  arutlysis  ci 
the  conqxrsidon  of  the  films  has  also  been  perftxmed  and  the  difficulties  of 
obtaining  reliaUe  analytical  results  are  explored  in  detail.  The  data  obtained  from 
these  electrical  and  microstnicturel  studies  were  cotidaied  and  modeled  in  order  to 
directly  relate  switching  to  the  microstnicture  required  for  iminoved  device 
perfotinance. 


INTRODUCnON 

Thin  film  PZT  ferroelectrics  are  currently  being  used  as  elements  in  non-volatile 
menooriesl.  In  this  predication,  their  thickness  is  usually  less  than  0.5  nucron.  The  most 
impm^t  issue  in  senuconductor  memory  fabrication  is  the  integration  of  the  fenoelectric 
film  in  a  complete  process  without  significant  degradation.  For  example,  in  a  typical 
semiconductor  proc^  flow,  PZT  will  experience  a  variety  of  anneals  in  several 
ambients.  Thus,  stalnlity  in  rnotphology  and  conqposition  is  Ol  utmost  inmonance. 

In  this  study,  various  PZT  cmnpositioos  have  been  analyzed  at  bcxh  room  and 
elevated  tenmeratures  in  order  to  understand  ai^  degradation  mechanisms  that  may  occur 
in  the  thin  mms  with  thermal  cycling.  The  sanqile  compositions  are  describtMi  by  the 
standard  PLZT  formalism  (La/Zr/Tl  at%).  A,  stands  for  a  PZT  qnittning  process  using 
an  eight  inch  ceramic  target  and  B  stands  frxr  a  PZT  sputtering  process  using  a  five  inch 
target  Bodi  undqped  and  La-dqied  sanpiles  have  bera  included  in  this  analysis.  Based 
(HI  the  bulk  ceramic  phase  diagrams2>3,  these  conqx>sitions  should  produce  the  tetragcmal 
perovsldte  fenoelectric  phase. 

R(xxn  tenyerature  and  in-situ  hot  stage  TEM  was  used  to  analyze  the  morphc^ogy  of 
all  the  films  and  to  tec(vd  any  structural  changes  with  temperature.  Only  a  La-dcqied 
sample  was  heated  in  the  microsct^  fix'  this  study  up  to  500*  C.  Sev^  other  PZT 
films  have  been  thus  analyzed  and  results  have  been  reported  in  an  earlier  paper^. 
Detailed  nanciprobe  analyses  were  carried  out  on  all  samples  to  investigate  any 
ccxnpositional  inhomogennties.  Accurately  noeasuring  the  Pb  content  in  the  fUms  is  (piite 
difficult.  Oily  thicker  areas  of  the  samples  give  a  more  reasonable  measure  (^Pb.  The 
very  thin,  ion-milled  areas  are  always  Pb-poor.  so  they  cannot  be  used  fix'  analysis. 
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There  is  quite  a  variability  in  the  lead  content  of  the  sai^les  whkh  also  affects  the 
measured  Zr/Ti  ratios  obtsiined.  However,  if  all  the  potential  problems  are  recognized, 
reasmiable  analyses  can  be  obtained. 

TEM  and  X-imy  diffraction  (XRD)  show  that  all  rf-sputtered  samfdes  are  amorphous 
in  the  as-deposited  state.  XRO  has  be^  performed  at  temperatures  betweoi  400-630°  C 
in  order  to  document  the  perovskite  formation.  Inmresting  differences  have  been 
recorded  on  the  formation  tempoa^  oi  the  perovsldie  phase.  In  diis  investigation.  La- 
doped  films  develop  the  perovskitt  phase  at  a  lower  temperature  than  the  undoped 
samples. 

Electrical  characterization  was  performed  on  all  films  from  20**  C  to  ISO**  C. 
Sign^cant  degradation  with  tempenture  was  fouiKl  on  films  sputtered  under  the  same 
conditions  using  3  inch  ta^ets.  *rhis  degradation  is  characteristic  of  an  increased  non- 
ferroelectric  "gtq)"  re^on  in  series  with  the  ferroelectric  material  and  a  decrease  in  the 
spontaneous  polarization  (?$)  and  coercivity.  This  occurs  only  when  the  films  are  heated 
in  a  pded  state  and  is  fully  recoverable  when  the  samples  are  rapidly  aiuiealed  at  330**  C. 
The  film  sputtered  under  different  conditions  using  an  8  inch  target  exhilHted  much  less 
degra^tion  which  was  characterized  by  only  a  slight  reduction  in  the  spontaneous 
polarization.  Although  the  spedtics  of  the  above  sputtering  presses  cannot  be 
disclosed,  the  ii»st  significant  point  to  be  made  is  that  the  processing  variables  are  as 
important  as  the  film  conqxisition.  The  tdwve  mentioned  degradation  has  also  been 
interpreted  by  an  electrostatic  model^  (conceptually  similar  to  that  reported  earlier  by 
Sely^)  which  agrees  with  the  data  reported  in  this  study. 


EXPERIMEOTAL 

PZT  films  were  rf-sputtered  on  Pt-metallued  Si  wafers.  The  thickness  of  the  ferroelectric 
films  varied  between  2,500  and  3,500  A.  Pt  was  also  used  to  form  the  top  electrode 
material  for  electrical  characterization.  TEM  and  AEM  examinations  were  performed 
using  a  JEOL  JEM  2(X)CX  AEM  <^>erating  at  200  kV.  The  2(XXIX  is  equipped  with  a 
KEV^  System  8000  and  two  X-ray  detecmrs:  (1)  a  hi^  angte  EDS  detector  and  (2)  an 
ultra  thin  window  EDS  detector  for  light  elements  (Z  »  6  and  up).  Further,  the  hot  stage 
work  was  done  using  a  Ta  heated  q)ecimen  bolder  Gatan  628-Ta.  The  samples  used  for 
the  TEM  work  were  first  mechanically  polished,  and  then  ion  milled  tiom  the  substrate 
side.  The  ^ttering  rates  of  the  various  components  in  rcT  differ  appreciably  from  each 
other  and  it  is  possible  that  any  kind  of  sample  pieparation  process  that  involves 
sputtering  will  cause  some  degradation  or  artifacts.  Therefore,  milling  was  kept  to  a 
minimum  whenever  possiMe.  All  TEM  sanq^les  were  mounted  on  Molybdenum  gi^. 

All  PZT  samples  were  fuither  analyzed  by  in-situ  hot  stage  XRD  as  a  function  of 
temperature.  As-deposited  samples  were  heated  in  air  on  a  Ta  strip  heater  with  a 
thermocouple  attach^  Temperature  control  was  better  than  •*■/•  1**  C.  Traces  woe 
started  after  about  two  minutes  at  temperature  and  run  at  a  rate  of  3  degrees  per  minute 
over  a  26  range  of  20  to  60  degrees.  The  sanqiles  were  then  ranq>ed  up  to  the  next 
tenqterature  and  the  traces  repeated.  The  total  annealing  time  at  each  temperature  was  10 
minutes  per  sanqtle. 

Electrical  characterization  was  carried  out  on  100  x  1(X)  ^m^  disome  capacitors 
using  an  HP  8173A  arbitrary  waveform  generator  and  a  Tektronix  2430A  digital 
oscilloscope.  H3rsteresis  loom  were  measured  with  a  3  cycle  30  kHz  triannlar  wave 
burst  starting  and  ending  at  0  V.  Pulse  switching  measurements  were  maoe  with  a  3 
pulse  sequence  consisting  of  one  pulse  at  the  measurement  potential  to  set  die  state 
followed  by  a  switching  pulse,  a  non-switching  pulse  of  the  same  polarity,  a  switching 
pulse  of  of^tosite  polarity  and  a  non-switching  pulse.  All  pulse  widths  were  1  (is  with  a 
delay  betw^  pulses  of  1  s.  Switching  kinetics  were  sufficiently  fast  to  obtain  saturated 
charge  values  in  the  requisite  times.  Measurement  configuration  was  a  sinq>le  Sawyer- 
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Tower  ci^iacitor  divider  with  load  c^Mcitanoe  lOOx  the  fenoeleciric  capacitance,  diereby 
atsuring  that  the  an>lied  potential  dropped  i^ioutnly  across  the  ferroelectric  mpacitor. 
The  charge  was  calculated  hnom  the  p^ntid  aaoss  the  load  capacitor,  0.8  ps  after  die 
leading  e^  ci  the  pulse. 

RESULTS  AND  DISCUSSION 

Microstnictiiral  Analysis 

Reinesentative  XRD  spectra  and  the  conesponding  TEM  microgn^ihs  df  all  sanmles 
anidyzed  are  included  in  Hgure  1.  The  micrographs  are  showing  the  final  perovmte 
idiase  after  annealing  at  65^  C  in  oxygen.  There  is  g^  size  variaMity  between  die 
samples.  Sample  A(0/48/S2)  has  well  fornied,  uniftmn  grains  with  clean  grain 
boundaries.  Grwn  sizes  vary  between  3-5  kA.  iW  domains  are  cleariy  seen  in  this 
sample.  B(0/48/S2)  has  smaller  grains  (1-2.5  kA)  and  a  significandy  different 
morphology.  This  is  importimt  to  note  since  the  two  above-moidoned  films  come  fiom 
targets  with  the  same  cooqiosidon  but  different  processing.  Sample  A((y48/52)  has  better 
overall  ferroelectric  characttristics  than  sample  6(0/48/52).  The  two  La-doped  sauries, 
6(1/48/52)  and  6(3/3(V70)  show  reladvely  non-u^onn  grain  size  with  several  grains  in 
the  range  of  1-2  kA  and  then  some  large  grains  ranging  between  4-5  kA.  It  is  interesting 
to  note  that  only  in  the  larger  grains  (close  tt>  5  kA)  domain  structure  can  be  seen.  This 
might  indicate  ^  existence  oi  a  critical  grain  size  for  twiiuiing  (and  domain  formation)  to 
occur.  Thus  far,  results  have  been  quite  consistent  in  a  variety  of  films  analyzed.  Out  of 
the  6-process  samples,  the  best  morphcdogy  is  exhibited  by  saiiq>le  6(3/30/70). 

Analysis  of  the  XRD  qtectra  in  Figure  1  shows  duu  at  400°  C  there  are  no  petovskite 
peaks.  However,  there  mi^t  be  a  hint  of  a  peak  (visiUeo^  after  expanding  die  ^tectra 
significandy)  at  about  30°  20  (for  clarity,  the  (1 1 1)  and  (200)  platinum  bottom  electrode 
peaks  have  been  removed).  Wi,ii  a  suteequent  increase  in  temperature  to  5(X)°  C,  the 
peak  at  30°  2d  increases  although  it  is  still  very  brood.  Also,  very  small  peaks  begin  to 
appear  near  22°  and  45°  2e.  For  the  6(3/30/70)  sample  at  this  tenqierature,  the  latter  two 
p^s  are  distincdy  better  defined  tl^  for  dw  outer  samples.  A  further  increase  in 
temperature  to  525°  C  produces  much  largo-  and  sharper  peaks  at  22°,  38°  and  45°  2e,  but 
the  broad  peak  near  30r  actually  shrinks.  Increasing  the  temperature  to  550°  C,  produces 
even  larger  peaks  at  22°,  38°  and  45°,  with  the  conqilete  disajqiearance  of  the  30°  peak. 
Proceeding  to  650°  C  dom  not  chan^  the  traces  qipreciably. 

Althou^  it  is  difficult  to  ident^  a  phase  from  only  one  peak,  the  breadth  of  the  30° 
peak  indicating  high  disorder  and  the  lack  of  stability  above  550°  C  strongly  suggest  that 
this  pe^  belongs  to  the  pyrochlore  phase.  The  other  peaks  are  readily  identified  as 
belonging  to  the  perovsldte  phase.  Since  these  films  have  a  composition  on  the  dtanium 
rich  side  of  the  mrarphotropic  phase  boundary  (MP6),  one  would  expect  to  see  the 
tetragonal  phase  fra*  bulk  samples  .  Near  the  MP6,  g  and  £  lattice  constants  differ  by 
approximately  3%^.  This  is  easily  determined  pairs  of  peaks  such  as  (100)  and  ((X)l) 
near  one  another.  However,  in  thin  films  there  is  cmly  one  peak.  This  could  corre^xHid 
to  a  cubic  phase  but  the  ferroelectric  behavior  seen  in  all  these  films  rules  this  out  It 
would  be  tempting  to  conclude  that  the  film  is  rhomtxrfiedral,  in  vdiich  case  the  resolutkm 
of  XRD  is  incapi^le  of  seeing  the  pairs  of  peaks.  It  is  also  possible  that  the  snoall  grain 
sizes  and  effects  of  stress  cause  the  small  difference  in  a_and  s.  values  to  be 
indistinguishaUe.  It  is  not  possible  to  resolve  this  difficulty  at  the  present  time. 

The  formation  of  perovsldte  at  slightly  lower  tenqieratures  for  sample  6(3/30/70) 
could  be  due  to  either  die  3%  La ,  (x-  the  difference  in  2^/n  ratio  or  even  to  the  different 
amounts  of  excess  PbO  in  the  various  films  which  can  act  as  a  flux  during  grain  growth. 
At  this  time,  the  exact  cause  frx- this  lower  fcxmatimi  tengieratote  is  not  coiain.  In  fact, 
it  is  highly  likely  that  this  would  also  be  a  function  of  the  film  deposition  ctmditions,  the 
machine  and  the  technique  used  for  guttering,  and  die  overall  processing  of  the  films. 
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FIGURE  1  XRD  spectra  and  correspondingTEM  micrographs  of  samples 
analyzed  (a,b,c,d).  See  text  for  details. 
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Compositional  Analysis 

The  compositional  characterization  of  all  films  was  carried  out  by  nanoprobe  EDS.  All 
analyses  were  performed  at  room  temperature.  Electron  beam  sizes  of  65. 100, 150  and 
200A  were  us^.  In  this  study,  some  hydrocarbon  build-up  was  seen  on  the  specimens 
examined  at  room  temperature  but  it  was  not  serious.  The  analyses  were  pe-formed 
either  with  spot  mode  or  rastered  beam  conditions.  At  least  three  different  areas  were 
analyzed  per  sample.  Good  counting  statistics  were  difficult  to  obtain  fiem  very  thin 
areas.  Also,  these  ar^  were  consistently  Pb  deficient  and  thus  not  reliable  for  analysis. 
Good  data  were  obtained  from  relatively  thicker  areas  of  the  foils.  The  matrix  in  all  the 
PZT  samples  is  Pb-rich  and  it  absorbs  X-rays.  Thus,  significant  errors  can  be  introduced 
in  the  absolute  concentration  of  each  element 


FIGURE  2  TEM  micrograph  of  sample  8(3/30/70)  at  500®  C.  A:  degraded 
area  and  B:  remaining  PL2T  area. 


Figure  2  is  a  plan-view  of  sample  8(3/30/70)  at  500°  C.  Part  of  it  has  been 
transfexmed  to  a  Ti-Zr-O  containing  material  and  all  the  Pb  has  been  completely  removed 
from  the  original  sample.  This  can  be  compared  to  Figure  Id,  where  the  same  sample  is 
shown  at  room  temperature  and  before  any  heating.  It  is  obvious  that  the  sample  at  500® 
C  and  by  further  local  heating  from  the  beam  has  been  irreversibly  chang^.  This  is 
interesting  for  two  reasons.  Firstly,  when  an  analysis  was  performed  on  sample 
8(3/30/70)  before  the  hot  stage  treatment,  the  ILr/Ti  ratio  was  close  to  40/60.  La  was 
very  close  to  the  expected  3%.  The  Pb  concentration  was  a  bit  higher  than  stoichiometric 
as  expected  since  all  sputtering  targets  have  excess  PbO.  However,  after  the  heating  run 
in  the  microscope,  and  since  all  the  Pb  was  lost,  a  repeat  analysis  of  the  same  sample 
produced  Zr/Ti  ratios  of  about  30/70,  the  nominal  composition.  The  La  was  basically  the 
same.  Thus  one  can  easily  experience  an  error  of  10  atom  %  in  the  Zr  and  Ti 
concentrations  due  to  the  Pb  influence.  In  general,  variability  in  the  Pb  content  in  the 
films  will  also  cause  Zr/Ti  variabilities  in  the  EDS  measurements.  In  this  study,  the  best 
results  were  obtained  by  analyzing  thicker  areas  of  the  samples  where  milling  had  not 
significantly  altered  the  Pb  content.  After  all  the  above-mentioned  problems  were  taken 
into  account,  all  samples  showed  Zr/Ti  ratios  reasonably  close  to  nominal  for  each 
composition  with  slight  variability  which  is  not  totally  unexpected  for  these  films^.  The 
La  in  the  doped  PCT  samples  was  fairly  uniformly  distributed  and  no  indication  of 
segregation  was  found.  Depending  on  the  process  and  deposition  conditions  for  each 
sample,  the  Pb  content  is  the  most  variable  and  difficult  to  control  and  analyze  reliably. 

The  second  reason  the  complete  Pb  loss  in  sample  8(3/30/70)  is  interesting  is  the 
fact  that  this  may  be  associated  with  the  amount  of  excess  PbO  in  PZT  thin  films.  P2T 
should  not  break  down  to  its  component  oxides  at  temperatures  less  than  at  least  1200- 
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1300°  C^.  It  is  doubtful  that  the  temperature  reached  locally  on  the  sample  was  that  high. 
However,  local  heating  by  the  electron  beam  could  aid  the  melting  and  evaporation  at  any 
significant  excess  PbO  and  the  subsequent  breakdown  of  the  perovskite.  This 
ptenomenon  is  still  under  investigation. 

Electrical  Characterization 

Films  were  characterized  with  pulse  switching  and  hysteresis  loops  as  a  function  of  both 
potential  and  temperature.  Figure  3  (Q  vs.  V  vs.  T)  shows  the  results  of  these 
measurements  for  all  films.  The  upper  surface  in  these  plots  shows  the  switching  results 
for  a  single  polarity  while  the  lower  surface  shows  the  non-switching  results  for  ^e  same 
polarity.  The  procedure  used  was  to  measure  Q  vs.  V  characteristics  at  20°  C  then 
increase  the  temperature  in  30°  C  increments  to  150°  C.  After  taking  measurements  at 
150°  C,  the  temperature  was  decreased  using  the  same  steps  back  to  20°  C.  Note  that  loss 
of  switching  with  temperature  is  essentially  recoverable  for  A(0/48/52),  but  is  not 
recoverable  for  the  other  samples.  B(0/48/52)  has  the  same  nominal  composition  as 
A(0/48/52).  Note  that  the  decrease  in  switch^  charge  (2Ps)  and  the  increase  in  non- 
switched  charge  for  A(0/48/52)  is  linear  with  temperature  as  has  been  reported  previously 
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for  Other  samples^.  The  linear  Q  vs.  T  characteristics  for  switched  and  non-switched 
charge  intersect  at  the  Curie  point  where  the  switched  charge  goes  to  zero.  Recovery 
upon  temperature  lowering  is  greatly  reduced  for  the  samples  sputtered  from  the  smaller 
targets.  Representative  room  temperature  hysteresis  loops  for  8(0/48/52)  and  8(3/30/70) 
are  shown  in  Figure  4  for  the  same  triangular  pulse  voltage  sweep  both  before  and  after 
thermal  cycling. 


Applied  Potential  (Volts) 

Urnipla  B(0/4S/U) 

mU/um  •  Wf«r«  uayf titw  oointoA 
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FIGURE  4  See  text  for  details. 


To  first  order,  the  dominant  switching  effects  for  the  samples  in  this  study  are  the 
ones  resulting  from  the  particular  sputtering  conditions  and  are  composition  independent. 
However,  there  seems  to  be  a  correlation  between  grain  size  of  the  films  and  observed 
switching  characteristics.  Sample  A(0/48/52)  has  the  best  morphology  and  the  best 
characteristics.  Out  of  the  8-process  samples,  8(3/30/70)  shows  the  best  properties. 
The  hysteresis  loops  shown  in  Figure  4  are  consistent  with  capacitor  degradation  as  an 
increasing  non-ferroelectric  "gap"  region  (slope  of  the  hysteresis  loop)  and  a  decrease  in 
the  spontaneous  polarization  and  coercivity. 

The  working  hypothesis  is  that  the  8-process  samples  are  sputtered  under  conditions 
resulting  in  a  highly  defected  perovskite.  As  in  the  case  of  other  perovskites”^,  vacancy 
defects  are  charged  and  migration  is  fast  under  the  large  fields  present  in  these  thin  films. 
As  these  defects  segregate  to  the  electrode  and  grain  interfaces,  they  cause  more  disorder 
and  the  ferroelectric  lattice  distortion  disappears.  This  increases  the  non-ferroelectric 
"gap"  in  these  regions.  As  the. bulk  is  depleted  of  vacancies,  compensating  interstitials 
and  anti-site  defects  form  and  reduce  the  ferroelectric  distortion  thereby  making  the 
material  easier  to  switch  and  Ps  smaller. 

The  changes  in  switching  characteristics  at  constant  temperature  were  simulated 
using  a  multi-grain,  one-dimensional,  quasi-static  model  by  increasing  the  non- 
ferroelectric  interface  "gap"  and  decreasing  the  spontaneous  polarization,  coercivity,  and 
bulk  permittivity  while  maintaining  constant  film  thickness.  This  simulation  is  shown  in 
Figure  5.  Note  that  both  upper  surface  (switched  charge)  and  lower  surface  (non- 
switched  charge)  are  consistent  with  the  measured  data  before  and  after  the  temperature 
excursion. 
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FIGURE  5  Switching  surfaces  simulated  as  a  function  of  increasing  non- 
fenoelectiic  gap  and  potential  for  a  coercivity  and  Ps  fit  to  the 
room  temperature  data  shown  in  Figure  3b.  See  text  for  details. 


CONCLUSIONS 

1)  In  ferroelectric  memory  fabrication,  processing  is  the  major  factor  affecting  the 
properties  of  thin  PZT  films. 

2)  Depending  on  the  film,  there  is  degradation  with  teiiq)erature  characterized  by  bodi  an 
increa^  "gap"  region  in  series  with  the  ferroelectric  material  and  a  decrease  in  Ps.  In 
good  quality  samples,  the  degradation  n^hanism  is  mostly  manifested  as  a  slight 
reduction  of  Ps. 

3)  There  are  slight  compositional  inhoinogeneities  in  the  films  analyzed  and  the  Pb  is  the 
most  variable  and  difficult  to  control  and  to  analyze  reliably.  La  does  not  segregate  in  the 
sanq)les  used  in  this  study. 

4)  Hot  stage  XRD  analysis  has  revealed  that  in  the  La-doped  samples  (especially  sample 
B(3/30/70))  the  perovskite  forms  at  a  slightly  lower  temperature  than  in  the  undoped 
samples. 

5)  A  multi-grain,  one-dimensional,  quasi-static  model  of  the  observed  decrease  in 
switched  charge  with  thermal  cycling  shows  a  good  fit  to  experimental  data. 
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Abstract  The  system  considered  is  a  ferroelectric  film 
between  metal  electrodes  with  polarization  ntxmal  to  the 
interfaces.  The  critical  temperature  Tc  is  depressed  by  the 
depolarization  field,  the  film  thickness  tc  for  Tc  to  be  reduced 
to  zero  being  or  order  1(P  times  the  Thomas-FOrmi  screening 
length  of  the  electrodes.  For  a  film  with  no  electrodes  the 
ferroelectric  phase  is  completdy  suppressed.  The  variation 
of  Tc  with  i>  tc  follows  a  simple  hyperbolic  law  which 
should  be  open  to  experimental  test. 


INTRODUCTION 

The  experimental  evidence  concerning  the  influence  of  surfaces 
and  sample  size  on  ferroelectric  phase  transitions,  reviewed  briefly 
elsewhere,!  does  not  exhibit  any  simple  uniformity  of  results.  In 
some  materials,  it  appears  that  a  surface  layer  orders  befwe  the  bulk 
of  the  sample,^  whilst  in  others^A  the  oi^>osite  seems  to  occw.  The 
influence  of  depolarization  in  reducing  the  critical  temperature  of  a 
film  was  studied  by  Wurfel  and  Batra,^  following  earlier  theoretical 
work,6  in  a  study  of  a  TGS  film  between  one  metal  and  one 
semiconducting  electrode. 

Two  different  mechanisms  have  been  investigated 
theoretically.  As  mentioned,  Batra  et  al^  studied  the  influence  of 
depolarizatioit  They  stressed  that  the  phase  transition  is  fiuit  of  the 
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complete  system  of  ferroelectric  film  plus  electrodes  and  showed 
that  semiconducting  electrodes  lead  to  a  depression  of  the  critical 
temperature  and  can  diange  the  nature  of  the  phase  transitum  frmn 
second  order  to  first.  Somewhat  later,  various  authmrs^*^^  studied 
the  implications  for  phase  transitions  within  the  Landau- 
Devonshire  theory  the  symmetry-allowed  boundary  conditkm 

n.  VP  +  8-’P»0  (1) 

The  extrapolation  length  S  can  have  either  sign.  If  it  corresponds  to 
an  increase  of  P  at  a  surface  then  on  a  semi-infinite  sample  a 
separate  surface-ordered  phase  appears  at  a  higher  initial 
temperature  than  that  of  the  bulk  material,  and  in  a  thin  film  the 
critical  temperature  is  enhanced  above  the  bulk  value.  If  P 
decreases  at  a  surface  there  is  no  separate  surface  phase  transition  on 
the  semi-infinite  material  and  the  critical  temperature  of  a  thin  film 
is  depressed.  A  fuller  summary  of  the  results  has  been  given 
recently.^ 

Depolarization  effects  for  the  special  case  of  perfectly 
conducting  electrodes  have  been  included  previously  within  the 
Landau  theory.^/lO  The  free-eno'gy  expression  for  a  ferroelectric 
film  between  metallic  electrodes  in  which  screening  is  described 
within  Thomas-Fermi  theory  has  been  derived  and  applied  to  show 
that  depolarization  generally  reduces  the  critical  temperature.^  This 
expression  contains  as  a  special  case  a  description  of  a  film  in  whidi 
no  boundary  condition  like  Eq.(l)  is  assumed.  This  is  of  interest 
since  there  is  as  yet  no  experimental  evidence  to  support  Eq.(l), 
whereas  the  influence  of  depolarization  is  obvious  on  geno'al 
grounds  and  is  also  experimentally  established.^  Furthermore,  the 
question  has  some  practical  significance  for  ferroelectric  thin  film 
devices.  In  this  paper,  therefore,  we  consider  the  effects  of 
depolarization  alone  by  studying  the  implications  of  file  previous 
formalism  in  the  limit  5  -»  ««. 


FORMALISM 

The  starting  point  is  the  general  expression  for  the  free  energy  of  a 
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ferrodectric  film  of  thidcness  t  between  metallic  electrodes  of 
thickness  j  (L-f);  fius  is  given  as  Eq.(35)  of  ref.l.  We  take  die 

special  case  of  zero  applied  voltage,  Vo  >  0,  and  diidi  dectrodes, 
L  »  /  and  L  »  t%,  where  f  •  is  the  ThMnas-Fermi  screening  length. 
This  means  diat  the  quantities  a  and  ^  of  ref.l  are  bodi  equal  to 
unity.  As  stated  |»reviously,  it  is  also  assumed  that  5  so  that 
the  omdidon  at  the  film>dectrode  interface  is  simfdy  dP/dz  «  0. 
Thus  P  is  independent  of  z  within  the  film  and  die  integrals 
appearing  within  the  free-eneigy  expression  become  constants.  The 
expression  iot  the  free  energy  per  unit  area  of  die  film-dectrode 
system  reduces  to 


F 
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f^APJ  +iBP4) 
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eoep(2/,  f) 


P* 


4eoCe(2f,  +  f)2 


P2 


(2) 


Here  A  and  B  are  the  usual  Landau-dieory  expansum  coefficients,  A 
=>  Ao(T/Tco  - 1)  and  B  >  0,  where  Tco  is  the  bulk  critical  temperature. 
It  is  assumed  that  the  bulk  phase  transition  is  of  second  order;  the 
potentially  important  extension  to  first-order  phase  transidons 
would  require  B  <  0  and  the  additicm  oi  a  term  GP^  widi  G  >  0.  Cp 
and  are  the  background  didectric  constants  of  the  film  and 
dectrodes,  and  I  and  f,  are  the  film  thidoiess  and  the  Thomas- 
Fermi  screening  length.  The  second  and  diird  terms  in  Eq.(2), 
which  are  both  positive,  result  from  incomplete  compensation  of 
the  polarization  charge.^  They  increase  the  coefficient  of  P^  in 
Eq.(2)  and  since  the  critical  temperature  Tc  is  found  by  equating  tiiis 
coefficient  to  zero  thdr  effect  is  to  reduce  Tc  bdow  the  bulk  vdue 
Tco<  This  is  the  same  effect  as  occurs  with  semiconducting 
electrodes.^  The  explicit  equation  for  Tc  is 


2f. 


.  A  “0  (3) 

(2f ,  +  (2f ,  +  f)2  2 

Two  limits  of  Eq.(3)  are  immediatdy  apparent.  Hrst,  for 
0,  correspcmding  to  infinite  omductivity  in  the  electrodes  and 


perfect  charge  omipensation,  the  second  and  third  terms  vanish  so 
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that  Tc  is  not  shifted  from  Tco-  Second,  for  f ,  ••4n  effect  the 

absence  of  dcctrodes, 

+  *0  (4) 

\Joo  }  tjtf 

This  can  be  derived  in  a  more  elementary  way.ii  Fdr  a  free¬ 
standing  Blm  with  polarization  normal  to  the  interfaces  the  salient 
terms  in  the  free  energy  are 

F-5  AP^-jEP  +  JbP*  (5) 

Since  D  >  0  outside  the  film  die  boundary  ccmditkm  is 

P  +  Cq  Cp  E  »  0  (6) 

Substituting  for  E  from  Eq.(6)  into  Eq.(5)  and  equating  the  coefficient 
of  to  zero  one  recovers  Eq.(4). 

One  further  result  may  be  derived  from  Eq.(3).  It  is  dearly  of 
interest  to  know  the  thickness  for  which  Tc  is  reduced  to  zero. 

This  follows  from  putting  Tc  »  0  in  Eq.(3): 

^8  +  ^C^8  «  A-  (7) 

(2/,  +  f ^JeoCp  (2f ,  +  f c)22e^  “ 

RESULTS 


The  susceptibility  for  T  >  Tc  is  %  »  Ao“*  (T  -  Tc)“l,  so  Ao  is  just  the 
Curie  constant;  a  typical  value  for  a  displadve  ferroelectric  is 
2  X  105  JmK-'C-2  (J.EScott  private  communication).  With  Cp  »  1000, 

Eq.(7)  yidds 

_  ,  2  Cp  Xc 


1.771  X 10-3 


2  Xc 

2  +  Xc  2(2  +  Xc)2 


where  Xc  -  tjt^.  Qearly  the  solution  is  Xc  »  1,  so  it  is  satisfactory 
to  retain  only  the  leading  terms  in  Xc;  this  gives 

Xc  *  TT -  w 

TAoe^Cp 

Here  the  main  uncertainty  is  the  value  of  e^.  It  is  the  long- 
wavelength  limit  of  the  Thomas-Fermi  static  dielectric  function, 
which  is  formally  infinite,  i  2  It  enters  Eq.(2)  via  the  botmdary 
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ooluiition  on  nonnal  D  at  the  dectrode-ferrodectric  intoftioe.  Since 
this  could  be  modified  by  trapped  duurge  we  take  die  view  diat 
Cp/e^  should  be  treated  as  a  parameter.  With  Cp/e,  »  0  and  die 

values  in  Eq.(8),  Eq.(9)  gives  Xc  «  1.13  x  liP.  For  Au  dectrodes,  for 
example,  in  whidi  f ,  «  0.83A,  diis  gives  a  oriticd  vdue  >  940A. 

The  variation  of  Tc  with  t  is  given  by  Eq.(3).  With  the 
retention  of  only  leading  terms  in  x  »  i/i^  E(^(3)  and  (9)  lead  to 

l-t-5  (10) 

where  t  «  Tc/Tco-  This  simple  variation  is  illustrated  in  Fig.l. 

For  the  film  without  electrodes,  the  value  of  Aoe^Cp 

appearing  as  the  left-hand  side  of  Eq.(8)  means  that  Eq.(4)  becomes 

fr-1  » -5.65x102  (11) 

*00 

which  dearly  has  no  solution  Tc  >  0,  so  the  phase  transition  is 
completdy  suppressed  in  this  case. 


FIGURE  1  Variation  of  film  critical  temperature  Tc/Tco 
with  thickness  t/t^  where  is  the  thickness  for  which  Tc  *  0, 
given  by  Eq.(9). 
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PgCUSSIQN 


The  influence  of  depoUiizetion  cm  fl\e  critical  temperature  of  a 
ferroelectric  film  encased  in  metal  dectrodes  is  described  by  Eq.(3). 
The  critical  value  of  thidmess  at  which  file  critical  temperature 
vanishes  is  given  by  Eq.(9),  in  vdiich  it  is  suggested  that  may  be 
treated  as  a  parameter.  Typical  numerical  values  give  ~  lO^ 
where  I,  is  the  Thomas-Fermi  screening  length  in  the  dectrodes. 
For  a  good  metal  is  of  cnder  QJ  to  lA,  giving  i  1000A«  vdiidi  it 

is  hoped  might  be  accessible  to  experiment.  The  variation  of  critical 
temperature  with  thickness  f  >  is  given  by  Eq.(10)  and  illustrated 

in  Hg.l.  The  slow  approadi  to  the  bulk  value  arising  fiom  the  x-1 
dependence  in  Eq.(lO)  should  also  be  capable  of  experimental  test 
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Abstract  Lead  tltanate(PbT103)  thin  fills  were  prepared  by 
reactive  coevaporation  of  lead  and  tltanlui  with  an  electron  beai 
gun.  Each  of  evaporation  rates  of  lead  and  tltanlui  was  Independ¬ 
ently  controlled  by  each  quartz  crystal  thickness  lonltor.  To 
proiote  oxidation  of  deposited  fllis,  a  nixed  gas  of  oxygen  and 
ozone  was  used.  When  the  ratio  of  lead  to  tltanlui  was  controlled 
properly,  perovsklte  phase  PbT103  was  obtained  at  substrate 
teiperature  of  550°C  without  post  therial  annealing  on  glass 
substrates.  The  deposition  rate  was  llOni/iln,  which  was  larger 
than  that  of  prepared  by  sputtering  lethod  and  that  of  prepared 
by  coevaporation  without  ozone.  The  ratio  of  lead  to  tltanlui  of 
the  perovsklte  phase  fills  was  nearly  equal  to  that  of  standard 
PbT103  powder  saiple.  The  fill  prepared  without  post  therial 
annealing  had  a  siooth  surface  and  was  transparent  In  the  visible 
region. 


INTRODUCTION 

In  recent  years,  ferroelectric  thin  fills,  such  as  lead  tltanate 
(PbTi03),  PZT  and  PLZT,  have  been  fabricated  for  the  purpose  of  Infra¬ 
red  sensors,  electro-optic  devices  and  so  on.  Usually  they  were 
deposited  by  sputtering  lethod^’^,  but  there  were  soie  disadvantages 
as  follows,  (l)hlgh  substrate  teiperature,  (2)8tolchioietrlc  change, 
(3)low  deposition  rate.  Several  authors  were  engaged  In  other  lethods, 
such  as  letal-organlc  CVD^,  sputter  assisted  plasia  CVD^,  laser  abla¬ 
tion®  and  activated  reactive  coevaporation®. 

In  previous  paper*^,  we  reported  high  deposition  rated;/ i/iln) 
of  PbT103  fills  by  coevaporation  with  post  therial  annealing.  But  to 
obtain  a  transparent  fill.  It  was  necessary  to  avoid  post  therial 
annealing  and  to  keep  deposition  rate  very  low(13nB/Bln) .  In  this 
report,  to  proiote  oxidation  of  deposited  fills,  a  nixed  gas  of  oxygen 
and  ozone  was  used. 
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EXPERIMENTAL 

Figrure  1  is  scheiatlc  dla^raa  of  the  reactive  coevaporation  apparatus 
for  preparation  of  PbT103  fil«s.  Pb  aetal  and  Ti  aetal  were  used  for 
evaporation  sources  because  of  their  stability  and  their  saall  iapuri- 
ties^.  Lead  and  tltanlua  were  evaporated  slaultaneously  by  an  electron 
beaa  gun  which  had  triple  source  controller.  Each  of  evaporation  rates 
of  lead  and  titaniua  was  independently  controlled  by  each  quartz 
crystal  thickness  aonitor.  The  substrate  teaperature  was  aeasured  by 
theraocouple  which  was  located  near  the  substrate.  Typical  deposition 

TABLE  1  Deposition  conditions  of 
the  PbTiOa  filas. 


Vacuua  chaaber  520aa^ xBOOaah 
Diffusion  puap  1700  1/sec 

Evaporation  Ti  aetal ( 99. 98\) 

source  Pb  aetal(99.99%) 

Electron  beaa  gun  aax  lOkW, 
triple  source 
Substrate  Corning  7059  glass 
Oxygen  pressure  aax  O.lPa 

Substrate  teaperature  aax  550°C 
Fila  thickness  0.2-1;^ a 

Ozone  concentration  aax  5  \ 


RESULTS  AND  DISCUSSION 
Crystal  Structure 

Crystal  structure  of  deposited  filas  was  investigated  X-ray  diffrac- 
tion(XRD)  aethod.  Figure  2  shows  exaaples  of  XRD  patterns  of  the  filas 
deposited  on  glass  substrate  at  substrate  teaperature  of  550°C  with 
various  conditions.  The  crystal  structure  was  sensitive  to  the  ratio 
of  lead  to  titaniua.  When  oxygen  pressure  was  saall,  the  XRD  pattern 
contained  Pb  aetal  peaks ( (FIGURE  2(a)).  When  Pb  was  a  little  excess. 


conditions  are  listed  in  Table  1. 


FIGURE  1  Scheaatic  diagraa  of 
the  reactive  coevaporation 
apparatus . 
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the  XRD  pattern  contained  pyrochlore  phase  lead  tltanate  and  PbO(red) 
(FIGURE  2(b)).  When  the  ratio  of  lead  to  titaniua  was  kept  aoderately 
close,  a  tetragonal  perovskite  phase  was  obtained  at  substrate  temper¬ 
ature  of  550°C(FIGURE  2(c)).  When  Ti  was  In  excess,  signal  intensity 
of  XRD  pattern  was  very  small ( (FIGURE  2(d)). 


FIGURE  2  X-ray  diffraction  FIGURE  3  Plots  of  deposition 
patterns  of  the  films  deposited  rates  of  perovskite  films  vs.  Ti 
at  substrate  temperature  of  550®C.  evaporation  rates. 


Deposition  Rate 

Deposition  rate  of  the  films  was  changed  by  the  various  experimental 
conditions  such  as  evaporation  rate,  oxygen  pressure,  substrate  tem¬ 
perature  and  so  on.  FIGURE  3  shows  the  deposition  rates  of  the  perov¬ 
skite  phase  PbTi03  films  vs.  titanium  evaporation  rates.  Pb  evapora¬ 
tion  rate  was  controlled  to  obtain  the  perovskite  phase  for  the 
respective  Ti  evaporation  rate.  Oxygen  pressure  and  substrate  tempera¬ 
ture  were  O.lPa  and  550°C,  respectively.  When  the  deposition  rate  was 
170nm/mln,  diffraction  peaks  of  other  phases  were  present.  When  depo¬ 
sition  rate  was  smaller  than  llOnm/min,  perovskite  phase  films  were 
obtained.  This  rate  was  much  larger  than  that  possible  by  sputtering 
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eu)d  that  of  coevaporation  without  ozone”’ 

Chealcal  Coaposltlon 

In  order  to  study  the  chewlcal  coaposltlon  of  the  fllas.  X-ray  photo¬ 
electron  analysis  was  carried  out.  Figure  4  shows  exawple  of  the  X-ray 
photoelectron  spectrua  of  the  perovsklte  phase  PbT103  flla.  Binding 
energy  of  T1  and  Pb  were  slallar  to  that  of  TIO2  and  PbO,  respective¬ 
ly. 

The  coaposltlons  of  tltanlua  and  lead  were  deteralned  froa 
Tl2p(459eV)  and  Pb^^daSeV)  peak  areas  in  X-ray  photoelectron  spectra. 
PbT103  powder  saaple  was  used  for  a  standard.  Figure  5  shows  Pb/Ti 
atoaic  ratio  of  deposited  fllas  vs.  Pb/Tl  evaporation  rate.  When  Pb/Tl 
evaporation  rate  was  greater  than  2.3  and  saaller  than  3.1.  perovsklte 
phase  fllas  were  obtained. 


FIGURE  4  X-ray  photoelectron 
spectrua  of  the  perovsklte  phase 
PbT103  flla.  Pb/Tl  atoaic  ratio 
of  the  flla  was  0.94. 


FIGURE  5  Plots  of  Pb/Tl  atoaic 
ratio  of  deposited  fllas  vs.  Pb/ 
Ti  evaporation  rate.  0; perovsklte 
PbT103,D;Pb  rlch.A;Tl  rich. 


Optical  Properties 

The  surface  of  the  perovsklte  phase  PbT103  flla  prepared  without 
theraal  annealing  was  saooth  and  this  flla  was  transparent  In  visible 
region.  FIGURE  6  shows  transalssion  spectrua  of  a  200na  thick  PbTi03 
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FIGURE  6  Transilsslon  spectrui  of  a  perovskite  phase  PbTi03  fill  of 
which  fill  thickness  was  200ni. 


CONCLUSION 

PbT103  thin  fills  were  obtained  by  reactive  coevaporation  lethod. 
Using  ozone  to  proiote  oxidation  of  the  fills,  high  speed  foriatlon 
was  achieved.  Maxliui  deposition  rate  of  perovskite  phase  fllis  was 
llOni/iln,  which  was  luch  larger  than  that  of  prepared  by  sputtering 
lethod  and  that  of  prepared  by  coevaporation  without  ozone. 
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Abstract  Thin-film  ZnO  ultrasonic  transducer  arrays  for  operation  at  100 
MHz  were  developed  and  evaluated.  Epitaxial,  high  acoustic  quality  ZnO  film 
layers  of  10  pm  thickness  could  be  produced  by  sputter  deposition  on  well 
(lll)-oriented  gold  films  with  chromium  sublayers  evaporated  on  (0001) 
sapphire.  Using  a  photoresist  etching  mask  of  the  desired  pattern,  the  upper 
Au/Cr  electrode  and  subsequent  ZnO  film  were  etched  to  form  grooves 
separating  the  multi  layered  film  into  array  elements  with  a  100  pm  pitch. 
It  was  found  that  the  ultrasound  beam  in  the  azimuth  plane  for  a  32-element 
array  could  be  electronically  focused  in  the  100  MHz  range  to  obtain  a  half- 
amplitude  width  of  60  pm  at  the  focal  depth  in  water.  This  value  reasonably 
agrees  with  the  theoretically  calculated  value. 


INTRODUCTION 

High-frequency  transducers  are  currently  being  developed  to  obtain  high  image 
resolution  in  nondestructive  evaluation^  and  in  medical  diagnosis.^  A  fast  imaging 
time  is  also  required  for  most  applications  and  can  be  achieved  by  electronic  scanning 
with  a  linear  array  transducer. 

Although  linear  array  transducers  operating  at  frequencies  as  high  as  30  MHz^-^ 
were  successfully  produced,  none  operating  at  higher  frequencies  have  been  reported. 
The  authors  have  developed  thin-film  ZnO  linear  array  transducers  operating  in  the 
100  MHz  range.  The  use  of  thin-film  ZnO  is  favored  because  it  can  be  easily  formed 
into  a  very  fine  array  using  photolithographic  techniques  and  has  no  adhesion  layer  to 
the  substrate,  allowing  for  high  uniformity  in  response.^ 

This  paper  describes  the  preparation  procedure  and  crystal  quality  of  ZnO  films 
which  are  well  suited  for  fabrication  of  transducer  arrays.  It  also  describes  the 
structure  of  the  transducer  and  its  electronic  beam  focusing  characteristics  in  the 
azimuth  plane  at  a  frequency  of  100  MHz. 
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EXPERIMENTAL 

Figure  1  shows  the  schematic  structure  of  a  thin-film  ZnO  transducer  array  and  an 
SEM  micrograph  of  a  part  of  a  fabricated  array.  The  array  consists  of  thin-film  ZnO 
sandwiched  between  two  metal  electrodes;  the  lower  electrode  is  deposited  on  a 
sapphire  plate  whose  front  surface  is  shaped  in  the  form  of  a  cylindrical  acoustic  lens. 
The  sapphire  plate  was  0.5  mm  thick  and  had  a  5.5  mm  radius  of  curvature.  As  the 
lower  electrode,  a  chromium  layer  was  first  formed  on  the  (0001)  sapphire  surface 
and  gold  film  was  successively  deposited  over  the  chromium  layer  by  vacuum 
evaporation  at  200  to  300  °C.  The  thickness  of  the  chromium  film  and  gold  film  were 
2  -  5  nm  and  150  -  200  nm,  respectively.  Details  on  the  film  preparation  procedure 
were  presented  previously.^  A  10  pm  thick  ZnO  film  was  then  grown  on  the  gold 
electrode  by  rf  magnetron  sputtering.  The  sputtering  was  done  with  a  100  mm 
diameter  ZnO  ceramic  target  under  a  gas  (50%Ar-50%02)  pressure  of  2  Pa  and  at  a 
substrate  temperature  of  260  °C.  The  rf  input  power  was  75  W,  resulting  in  a 
deposition  rate  of  0.7  pm/h.  On  top  of  the  ZnO  film,  a  gold/chromium  film  was 
vacuum  deposited  at  room  temperature  to  form  the  upper  electrode.  In  addition  ,  a  1 2 
pm  thick  Si02  matching  layer  was  deposited  on  the  curved  tens  surface  by  sputtering 
at  room  temperature,  giving  rise  to  the  improvement  of  the  transmission  of  acoustic 
energy  into  water. 


FIGURE  1  Structure  of  a  thin-film  ZnO  transducer  array  and  SEM  micrograph 
of  a  part  of  an  array 
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The  division  of  the  mutti-layered  film  into  array  elements  was  performed  as 
described  in  the  following.  Using  a  photoresist  etching  mask  of  the  desired  pattern,  the 
upper  Au/Cr  electrode  and  subsequent  ZnO  film  were  etched  to  form  grooves  (gaps 
between  elements).  For  pattern  definition  of  ZnO,  HCI  and  HNOs-based  solution  was 
used  at  room  temperature.  The  etching  rate  was  about  0.15  pm/s. 

After  each  element  was  wire-bonded  to  a  focusing  circuit,  exp>eriments  were 
conducted  to  determine  the  beam  focusing  characteristics  in  the  azimuth  plane  by 
applying  each  array  element  with  appropriately  phased,  time-delayed  signals  at  a 
frequency  of  100  MHz.  The  transducer  array  emitting  a  beam  was  mechanically  moved 
across  a  knife-edged  reflector  in  water  and  the  variation  in  signal  amplitude  of  the 
reflected  echo  was  plotted  against  the  position  of  the  transducer.  Then,  the  beam  width 
profile  was  obtained  by  differentiating  the  plotted  curve  with  respect  to  the  position. 

In  this  experiment,  the  elevation  direction  of  the  array  was  adjusted  to  be  exactly 
parallel  to  the  edge  of  the  reflector. 

RESULTS  AND  DISCUSSION 
ZnO  thin  films 

To  obtain  ZnO  thin  films,  the  most  suitable  growth  conditions  were  determined.  It  was 
reported  by  the  authors^  and  other  researchers^*^  that  highly  c-axis  oriented  ZnO 
films  having  good  acoustic  qualities  could  be  produced  on  a  well  crystalline  (111)- 
oriented  gold  film  with  chromium  sublayer  evaporated  on  a  quartz  or  a  (0001) 
sapphire  substrate.  The  standard  deviation,  o,  in  the  X-ray  rocking  curves  of  the 
(002)  plane  of  ZnO  films  is  shown  as  a  function  of  that  in  the  X-ray  rocking  cun/es  of 
the  (111)  plane  of  gold  films  in  Figure  2.  The  a  of  ZnO  decreases  almost  linearly  with 
decreasing  o  of  gold.  Thus,  well  (111 )-oriented  gold  films  must  be  produced.  It  was 
reported  previously^  that  the  degree  of  a  preferred  orientation  of  gold  films 
remarkably  depends  on  the  thickness  of  the  chromium  sublayers  formed  prior  to  the 
gold  deposition.  In  particular,  chromium  sublayers  with  a  thickness  of  less  than  5  nm 
gave  rise  to  a  significant  improvement  in  the  alignment  of  the  gold  films.  This  could  be 
explained  in  terms  of  the  formation  of  the  epitaxial  Cr203  thin  layers.  In  this  way, 
gold  films  with  o  of  0.2  to  0.5  °  were  successfully  produced  to  allow  the  formation  of 
ZnO  films  with  a  of  0.3  to  0.5  °. 

Cross-sectional  high  resolution  transmission  electron  microscope  lattice  images 
of  the  interface  regions  between  sapphire  substrate,  gold/chromium  and  ZnO  film  are 
shown  in  Figure  3.  It  can  be  seen  that  each  layer  is  well  epitaxially  grown  from  the 
sapphire  substrate  to  ZnO.  The  lateral  0.26  nm  periodicity  present  in  the  ZnO  layer 
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region  corresponds  to  the  (002)  lattice  plane  of  ZnO.  The  0.24  nm  layer  spacing  in 
the  gold  region  is  consistent  with  the  growth  of  a  (111)  oriented  gold  film.  The  1.8 
nm  thick  layer  between  the  gold  film  and  sapphire  substrate  is  composed  of  Cr203,  as 
reported  recently.^  In  this  multilayered  epitaxial  system,  the  misfit  of  ZnO,  Au  and 
Cr203  overgrowth  arrays  of  atoms  at  the  interface  against  the  sapphire  substrate  are 
21 ,  7  and  4  %,  respectively.  Consequently,  it  is  concluded  that  both  the  Au  layer  and 
Cr203  layer  act  as  buffer  layers  between  ZnO  and  sapphire  to  induce  the  easy  epitaxial 
growth  of  ZnO  films. 


FIGURE  2  Standard  deviation  o  in  the 
X-ray  rocking  curves  of  the  (002)  piano 
of  ZnO  films  versus  that  of  the  (111) 
plane  of  gold  films. 


FIGURE  3  Cross-sectional  transmission 
electron  microscope  lattice  images  of  the 
interface  between  sapphire  (a-Al203) 
substrate,  gotd/chromium  and  ZnO  film. 


Transducer  arrays 

An  array  was  constructed  using  the  ZnO  thin  film  by  photolithographic  techniques.  The 
dimensions  of  individual  array  elements  were  90  pm  wide,  100  pm  pitch,  3.2  mm 
long  and  10  pm  thick,  as  given  in  Figure  1.  Each  element  had  a  capacitance  of  2.8  pF. 
A  V-shaped  groove  bounded  by  the  (iToi)  or  {1122}  planes  of  ZnO  was  formed  as  a 
gap  between  adjacent  elements.  The  grooves  were  obtained  using  an  anisotropic 
etchant,  HCI  and  HNOa-based  solution,  which  preferentially  etches  the  c-plane  of  ZnO. 
An  array  with  well  V-shaped  grooves  could  be  produced,  when  such  highly  epitaxial 
ZnO  films  as  mentioned  above  were  employed.  When  poor  c-axis  oriented  ZnO  films 
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were  used,  the  shape  of  the  grooves  became  irregular.  The  response  of  inrSvidual 
elements  received  through  an  echo  from  the  back  of  the  sapphire  plate  varied  within 
±1  dB  over  160  elements.  The  small  amount  of  scatter  In  the  response  is  an  excellent 
characteristic  of  the  present  thin-fiim  ZnO  array.  This  characteristic  is  very 
important  for  ultrasound  beam  forming  of  the  transducer  array. 

Ultrasound  beam  focusIriQ 

We  carried  out  ultrasound  beam  focusing  experiments  using  the  present  thin-fiim  ZnO 
transducer  arrays  operating  in  the  100  MHz  range.  In  the  azimuth  plane  of  the  array, 
focusing  was  accomplished  by  sfiplying  each  arr^  element  with  appropriateiy  phased, 
time-deiayed  signals.  The  beam  profiles  were  measured  as  the  number  of  elements 
employed  for  the  beam  forming  was  varied.  In  this  experiment,  the  focal  length  was 
chosen  to  be  2.0  mm  in  water.  The  measured  half-amplitude  beam  widths  are  plotted 
against  the  number  of  elements  in  Figure  4.  In  the  figure,  the  calculated  widths  are 
also  given,  it  is  clear  that  the  beam  width  decreases  with  increasing  number  of 
elements.  Ail  experimental  values  agree  well  with  the  theoretically  calculated  values. 

This  result  indicates  that  the  beam  in  the  azimuth  plane  of  the  transducer  array  can  be 
electronically  focused.  Finally,  the  ultrasound  beam  profile  measured  hi  the  azimuth 
plane  for  a  32-element  array  at  a  focal  depth  of  6.4  mm  in  water  is  shown  in  Figure  5. 

It  was  found  that  the  half-amplitude  width  was  60  pm.  This  value  reasonably  agrees 
with  the  theoretical  value  of  57  pm. 


NUMBER  OF  ELEMENTS  POSITION  l|m) 


FIGURE  4  Measured  and  calculated 
half-amplitude  beam  width  in  the 
azimuth  plane  versus  the  number  of 
elements  employed. 


FIGURE  5  Ultrasound  beam  profile  in 
the  azimuth  plana  for  a  32-element 
anay  at  the  focal  depth. 
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The  fabrication  procedure  and  beam  focusing  characteristics  of  thin-fiim  ZnO  ultra¬ 
sonic  transducer  arrays  for  operation  at  100  MHz  were  shown.  Epitaxial,  high 
acoustic  quality  ZnO  film  layers  with  a  thickness  of  10  |im  could  be  produced  by 
sputter  deposition.  An  array  was  successfully  constructed  using  photolithographic  and 
chemical  etching  techniques.  It  was  found  that  the  ultrasound  beam  in  the  azimuth 
plane  for  a  32-element  array  with  a  pitch  of  100  pm  was  electronicaHy  focused  to 
produce  a  half-amplitude  width  of  60  pm  at  the  focal  depth  in  water.  This  value 
reasonably  agreed  with  the  theoreticai  predfotion.  The  results  indicate  that  the 
present  transducer  arrays  could  possfoiy  lead  to  electronic  scanning  in  the  100  MHz 
range  and  are  promising  for  nondestructive  evaluation  as  well  as  for  medicai  imaging. 
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Abstract  Films  of  PbZro.s3Tio.47O3  (53/47  PZT)  were  prepared  by  the  metallo- 
organic  decomposition  (MOD)  technique  on  platinum  coat^  silicon  wafers.  The 
films  were  nearly  pin  hole  free  with  uniform  composition  and  thickness.  The 
crystal  structure  and  the  polarization  reversal  characteristics  which  are 
important  for  memory  applications  were  studied.  The  switching  characteristics 
with  S  V  pulses  both  initial  and  after  10'°  reversals  were  promising. 


INTRODUCTION 

The  potential  application  of  ferroelectrics  for  the  non-volatile  storage  of  information 
has  long  been  recognized,  as  the  polarization  state  can  correspond  to  binary  digital 
information.  The  most  recent  approach  to  ferroelectric  memories  has  been  using 
ferroelectric  thin  films  to  construct  semiconductor  random  access  memory  (RAM)  into 
a  non-volatile  form.  The  PbZr,.,Ti,03  (PZT)  material  is  a  very  stable  and  refractory 
ferroelectric,  and  has  been  intensively  studied  for  such  applications'. 

The  metallo-organic  decomposition  (MOD)  process  is  a  technique  for  producing 
inorganic  films  without  processing  in  vacuum  or  going  through  a  gel  or  powder  steps. 
The  advantages  of  the  MOD  processing  of  ferroelectric  films  include:  low  pro<%ssing 
temperature,  near  theoretical  density,  easy  control  of  stoichiometry,  uniform 
composition,  grain  size  control,  and  high  volume  output.  This  paper  describes  the 
application  of  the  MOD  process  to  53/47  PZT  films,  with  the  composition  near  the 

morphotropic  phase  boundary,  on  silicon  substrates. 
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BgEBIMENTAL 

The  metallo-organic  compounds  used  in  this  study  for  PZT  were  lead  di-ethylhexanoate 
Pb(C7H,jCOO)2,  Titanium  di-methoxy-di-i^odecanoate  Ti(OCH,)2(C,H,,COO)2,  and 
zirconium  tetra-neodecanoate  2^(C,H„COO)4,  ail  in  xylene  solution.  The  compounds  were 
synthesized  following  the  procedures  given  by  Vest  and  Singaram*.  The  thermal 
decomposition  behaviour  of  the  compounds  was  studied  using  thermo-gravimetric  analysis 
(TGA).  Figure  I  shows  the  thermogram  of  a  Pb(Zro.sjTio.47)0^  formulation  solution  at  a 
heating  rate  of  2*C/min  in  air  with  a  flow  rate  of  7S  ml/min.  At  a  temperature  below 
ISOHZ,  the  weight  loss  of  the  sample  was  due  to  evaporation  of  the  xylene  solution.  The 
precursor  compound  began  to  decompose  at  about  200*C,  the  decomposition  being 
completed  by  320*C. 


Fig.  1.  Thermogram  of  53/47  PZT  solution  heated  2*C/min  in  air. 
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A  convemional  spinning  technique  was  used  to  form  uniform  wet  films  on  (001) 
single-crystal  silicon  substrates.  The  substrates  were  coated  with  a  titanium  layer  and  then 
with  a  platinum  layer  on  the  top,  each  layer  being  about  100  nm  thick.  The  wet  film  was 
then  pyrolysed  in  a  fused  quartz  tube  furnace  at  3S0°C  for  10  minutes,  which  produced 
crack-free  single-layer  films.  The  film  thickness  was  measured  using  a  Tencor  Alpha  Step 
200  surface  profilometer.  A  Siemens  0300  X-ray  diffractometer  was  used  to  analyze  the 
crystalline  phases  and  preferred  orientation  in  the  films.  The  pulse  polarization  and  fatigue 
were  measured  using  a  RT66  Ferroelectric  Test  System  made  by  Radiant  Technologies. 
Inc.  Figure  2  shows  the  pulse  train  used  to  obtain  pulse  polarization  data.  As  shown  in 
Figure  2,  a  capacitor  is  first  set  in  the  negative  -P,  state.  The  first  positive  pulse  applied 
(P*)  switches  the  polarization  vector  from  this  negative  state  to  a  positive  polarization  state. 
The  second  positive  pulse  (P'*')  is  then  applied.  The  difference  between  P*  and  P'*’  equals 
P,*.  This  value  is  important  for  memory  application  since  it  corresponds  to  the  total 
remanent  polarization. 


5.00V 


p; 


I  1 0Otns  i 


0®''  I  I  -  2m. 

Fig.  2.  Pulse  train  for  switching  tests. 


RESULTS  AND  DISCUSSION 

A  53/47  PZT  film  deposited  on  a  silicon  (001)  substrate  with  a  spinning  speed  of  1500  rpm 
for  15  seconds  was  amorphous  to  X-ray  after  pyrolysis.  The  film  was  then  annealed  in  air 
at  6(X)“C  for  10  minutes.  The  thickness  of  the  fired  film  was  210  nm.  Figure  3  shows  the 
X-ray  diffraction  pattern  of  the  fired  film.  The  intensity  of  the  (111)  peak  is  low  as 
compared  to  the  (100)  and  (200)  peaks,  indicating  that  the  53/47  PZT  film  is  near  the 
morphotropic  phase  boundary^’.  T  rve  also  shows  a  good  structural  development  of 
the  film,  even  though  the  sample  was  annealed  in  such  a  short  period  of  time. 
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Figure  4  gives  a  ferroelearic  hysteresis  ioop  of  the  fired  film  before  cycling.  The 
curve  shows  that  the  53/47  ?ZT  film  has  higher  initial  polarizations  than  those  of  60/40 
films*,  indicating  ferroelectric  contribution  from  the  tetragonal  field  at  the  morphotropic 
phase  boundary.  The  value  of  coercive  field  is  about  52  kV/cm  calculated  from  the 
coercive  voltage  value  of  1.1  V  and  the  thickness  of  210  nm.  This  1^  value  is  about  3  to 
4  times  larger  than  that  of  PZT  bulk  msuerial  with  the  same  composition*.  The  value  of  the 
coercive  voltage  shows  that  1.5  V  is  sufficient  to  switch  the  polarization  states  of  the  53/47 
PZT  films.  The  lower  value  of  the  coercive  voltage  is  compatible  not  only  with  the  current 
Si-based  semiconductor  technology,  but  also  with  the  GaAs. 

The  fatigue  behaviour  of  the  film  was  studied  using  a  square  wave  at  5  V  and  1 
MHz  frequency.  After  cycling  each  decade  from  10^  to  10'°,  the  film  was  measured  using 
the  RT66  Ferroelectric  Test  System.  The  fatigue  behaviour  of  P*  and  P,’,  which  represents 
the  total  remanent  polarization,  is  presented  in  Figure  5.  This  figure  shows  a  general 
decrease  of  P*  and  P/  with  a  number  of  polarization  reversals  and  a  steeper  slope  than  that 
of  60/40  PZT  films*.  It  is  encouraging  to  note  that  the  value  of  P,’  after  10'“  cycles  is  of 
3.2  nC/cw?,  giving  the  promise  of  the  utilization  of  53/47  PZT  films  for  non-volatile 
memory  applications. 


Cycles  (Powers  of  10) 

Fig.  5.  Fatigue  behaviour  of  P*  and  P/  for  the  fired  53/47  PZT  film. 
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SUMMARY 

Nearly  pin  hole  free  ferroelectric  53/47  PZT  films  were  obtained  by  the  metallo-organic 
decomposition  process.  The  films  were  uniform  in  composition  and  thickness.  The 
structure  of  the  crystalline  PZT  films  was  well  developed  even  when  annealed  in  a  very 
short  period  of  time.  The  value  of  the  total  remanent  polarization  after  10'°  reversals  was 
3.2  nC/ciT?,  giving  the  promise  of  the  utilization  of  53/47  PZT  films  for  non-volatile 
memory  applications. 
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Abstract  Metgnetoelectrlc  susceptibility  have  been  stxidied  in  fe¬ 
rromagnetic  and  ferroelectric-ferrcmagnetic  films.  Ihe  existence 
of  the  surface  ferroelectricity  and  surface  linear  magnetoelect- 
rlc  effect  (IMEE)  is  predicted  in  magnetics  of  any  synmetry.  The 
largest  value  of  IMQ!  is  supposed  in  ferroelectrcmagnetic  films. 
The  tenfierature  dependence  of  IMEB  is  studied  near  magnetic  and 
ferroelectric  transition  temperatures  supposing  different  rela¬ 
tions  between  them. 


Keywords:  magnetoelectric  effect,  polaurizatlon,  surface,  film. 


pmaoDUCTiON 

The  linear  magnetoelectric  effect  (LMEE)  was  predicted  by  Landay  ^for 
the  hcroogeneous  state  of  some  magnetics  without  the  centre  of  the  sym¬ 
metry.  In  our  work  it  is  shown  that  the  electric  polarization  and  LMEE 
exist  in  magnetics  of  any  symmetry  near  their  surface  in  the  magnetic 
order  state.  These  effects  are  induced  by  the  change  of  the  value  of 
exdiange  energy  and  hence  an  effective  magnetic  momient  near  the  surface. 
They  are  described  by  the  scaleu:  energy  PCcM^/ch)  Uhexe  P  -elecric 
polarization  vector,  M  -  magnetic  momiait,  q  -the  vector  of  the  ncnmnal 
to  the  surface.  This  expression  is  the  inheroogeneous  exchange  magneto¬ 
electric  ME)  eiergy.  The  induced  surface  ferroelectricity  and  IMEE  we¬ 
re  studied  in  ferromagnetic  and  ferroelectric-ferromagnetic  films. 
Moreover, the  contribution  of  the  hcmiogeneous  exchauige  ME  Interaction 
in  IMEE  WEIS  csdculated  in  a  ferroelectric-ferromagnetic  film  in  the 
case  vhen  the  ferroelectric  (EE)  transition  temperature  6^  and  the 
magnetic  transition  temperature  a.  are  close.  The  temperature  depen¬ 
dence  of  IMEE  neeu:  Sg  and  e.  was  shown  in  the  genered  case  of 
differoit  relations  betweoi  Og  and  ^ . 

SURFACE  EEEROEIECTRICrry  AW)  IMEE  IN  A  OEWIROSTWCmiCaL  EERROMAQffimC 
FUM 

Me  shall  consider  the  centrosymmetrical  roonodomain  ferromagnetic  film 
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vAiich  has  a  thickness  2L  in  the  normal  directicn  Z  to  the  surface. 


Hie  direction  of  the  magnetic  moment  (  in  the  film's  pleme  or  perp^- 
dicul2u:  to  it  )  is  unimportant  later  cn.  Hie  functional  of  the  free 


eiergy  is  the  follcwing: 


(1) 


Hbdb  S  -  the  film's  area,  coefficients  6^,  A  are  positive,  , 

is  the  magnetic  transition  temperature  in  an  unlimited  crystal. 

2 

Hie  terms  with  the  coefficients  /  and  A  are  the  surface  aiergies  , 

M  (Z=iL),  P  (Z=tL).Hie  inhomogeneous  exchange  ME  energy  in 
(1 )  has  the  coefficient  IS*  ,  homogeneous  one  has  the  coefficient  Tg  . 
Here  we  consider  (spontaneous  polarization  is  absent). 

After  the  variation  of  the  functional  ( 1 )  with  respect  to  M  and 
P=P,  we  find  the  following  differ^itial  equations  and  boundary  condi¬ 
tions  for  the  momaits: 


-  &,M^  +  rMP'+ftMP'= -H 
aP”  -z.?-KP* 

m'  =  +  P'=  fS'P 

'  '  (Z=iL) 


It  is  seen  from  the  equation  (2)  that  the  electric  polarization  is  in¬ 
duced  by  magnetic  moment  in  the  regions  of  its  inhomog^ety.  We  shall 
Ccdculate  the  induced  polarization  near  in  the  first  approximation 
by  the  ME  interaction  using  the  following  eiqiressions  for  M  and  ^ 


in  the  film  if 


^<0  : 


M  =  m.chfi  .  rn.=  <3) 

iirr'=x-«ix,  (po). 


From  (2)  and  (3)  we  find  ; 
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Here  £  s  If  ^  >  0  it  is  necessary  to  chcuige  by  ^  by 
We  see  that  electric  polarization  (4)  eurising  under  magnetic  phcise 
tretnsition  is  the  odd  fvinction  of  the  coordinate  Z  and  has  an  opposi¬ 
tive  sign  on  opposite  sides  of  the  film. 

Ihe  other  aspect  of  the  described  phaion^ion  is  the  existence  of 
the  I2<EE  near  the  surface  of  the  magnetic  (it  may  be  ferro-,  ferri- 
or  antiferronagnetic)  of  any  symnetry.  IMEE  is  characterized  by  ME 
susc^tibilities  X  =  dP/dU  and  X  %  dM/dE  ..  The  equaticns  for  these 
differeitial  susceptibilities  and  bcundeory  conditions  to  them  may  be 
obtained  by  the  differaitiation  of  equations  (2)  by  E  and  H  .  We  rece¬ 
ive  in  the  first  order  by  ME  interaction  the  following  expressions: 


v^ere  )”^  is  the  magnetic  susceptibility. 

Itie  change  of  the  magnetic  moment  ne6u:  the  surface  occurs  in  the 

layer  of  the  thickness  / 1 1  «  L.  Hence  the  predicted  ME  effects  cure 

the  surface  effects.  If  L»lfl  ,  |A|  >>  a^i  a^-  the  lattice  constant) 
2 

X^Xo(Lc  ,  JPo  *”1  ,  we  have  from  (4)  the  following  order  of  the 

surface  polaurization  P  *  .Ihe  order  of  the  ME  susceptibility 

will  be  estimated  below. 
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liffiE  IN  A  F™inRr.iY?n^ic-EERia«Q<^  Fim 

In  a  ferroelec±]xniagnetic  crystal,  the  FE  phase  transition  exists, 
haxie  ^^lere  is  the  tepf)erature  of  the  FE  transiti¬ 

on  in  an  unlimited  crystal.The  expressions  for  Qg  and  P  are  similar 
to  those  in  (3)  if  we  change  M-»P, 

Ihe  existence  of  the  spontaneous  polarization  in  the  ferroelect- 
ric-ferranagnetic  state  leads  to  the  contribution  of  the  homogeneous 
exchange  ME  interaction  to  IMEE  in  the  first  appcoximation  over  the 
ME  interaction.  The  inhomogeneous  ME  interaction  leads  to  an  odd 
(with  respect  to  Z)  effect,  and  the  homogeneous  ME  interaction  induces 
an  even  effect.  In  the  c:ase  Qe  and  are  close  and  taking 

I  <  0,  A  -<  0,  L  »  i  A|  near  the  phzise  transition  we  have: 

x""-  -crch^i, 


>tL 


e  K  ffe-Tf' 


(6) 


^  an 


^ C'C“VA-t). 


The  total  suso^>tibllities  X  =(2L)  cure  the  following  : 


(7) 


RESULTS  AND  DISCUSSION 

The  surface  electric  polarization  and  LMEE  in  a  ferrcmagnetic  film  neariji, 
have  the  following  critical  b^iavior  (see  (3)-(5))  :  p 'w. 

X  O'  (  Pui^T  X  o  ( The  total  values  of  P  and  ME  sus- 

oqptibilities  are  zero. 


NMGNBTQELBCIRIC  EFFBCTTS  IN  FS^RQClJBCIRQMMGMEriC  FIU«S  (653)^1 


In  a  ferxoelectianagnetlc  flLn  under  T<  there  are  odd  (sur¬ 
fers)  effects  (terms  with  coefficients  in  (6|  and  even  (volume) 

ME  effects  (terms  with  ooefficients  ^  ).  Fran  (7)  we  see  that  su¬ 
sceptibilities  of  the  volixne  effect  have  the  tenqperature  dependence 
near  9  .The  temperature  dependences  of  the  surface  IKEE 
near  in  a  ferroelectianagnetic  film  cuoe  similar  to  those  in  a 
ferranagnetic  film.  If  the  value  of  the  surface  susceptibility 

X*"'  has  no  anonaly  near  6^  meam^le  (^"T*  )~^  (T$^).  Hence, 
the  FE  order  (  just  the  large  values  of  the  dielectric  susceptibility) 
intoisifies  the  surface  ME  effect.  Our  analys  shows  that  the  described 
critical  b^iavior  of  IMFF  near  the  phase  transition  temperatures  talces 
place  in  the  general  case  vrfioi  and  are  not  close  as  well 
(  see  Table  1 ,  where  is  the  surface  ME  susceptibility,  is 

the  volume  one). 


TABLE  I  Temperature  depotdoices  of  IMEE  near  6^  and^  in  a  film. 


Tenperature 

>< 

y  (»*C 

ym€ 

(62,-r  )*^^2 

- 

(P„-T  )^/2 

- 

without 

anomaly 

(0^-^)-1/2 

(Gt-T)-"' 

(&^-T  )-'& 

Tf9„<ee 

(S-T 

(4-r)i/2 

(q^-T)-yi 

Before  to  estimate  the  value  of  IME  we  note  that  the  constant 
of  the  inhKmogaieous  exchange  ME  interaction  there  f 

is  the  coefficioit  in  the  homogeneous  ME  energy  TPM  .  The 

leist  energy  appears  in  the  lower  order  of  the  perturbation  theory 
than  the  energy  P*  ,  hence  ^  ,  iT' »  V#  P^c  • 

We  shall  compare  the  value  of  the  predicted  surface  ME  effect 
with  the  volume  ME  effect  in  the  case  then  these  effects  have  gimiiar 
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critical  behavior  near  •  Using  (6)  ,  (7)  and  consi¬ 
dering  |A|'*'I||^  we  have: 


xT  X  i. 

2*^  ^  t,P(U  CL^  ^  ^  f<0,A<D 


(8) 


If  A  >0,  the  exponential  nultlplier  In  <8)  Is  absent  but  as 

TCaP^c,  value  of  the  surface  MB  susceptibility  Is  significan¬ 
tly  larger  than  volime  ME  susceptibility.  This  fact  raises  hopes  In 
the  experiinental  discovery  and  use  of  the  predicted  ME  effects. 

For  example^  the  change  of  the  electric  surface  state  under  the  mag¬ 
netic  order  tenf)erature  would  use  for  the  definltlcxi  of  magnetic 
pheuse  transition  temperature. 

Note  that  the  scalar  energy  P(dgV<to)  exists  in  any  finite 
systdn  where  2  order  parameter  (  for  exsonple,  it  may  be 

a  superconductive  parameter,  strain  etc.).  Hence,  any  ordering  in  the 
system  is  accompanied  by  electric  polarization  near  the  surfaise  in 
the  direction  perpendicular  to  it. 
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Abstract  Thin  Ifilms  of  lead  scandium  tantalate  Pb(Sco.sTao.s)03  (PST)  have  been 
prepared  by  a  novel  sol-gel  process.  The  process  involves  two  deposition  steps.  In 
the  Erst,  layers  of  ScTa(^  are  deposited  by  spin  coating  a  soludtHi  of  metallt^anic 
compounds  of  scandium  and  tantalum.  A  film  of  lead  oxide  is  deposited  intermittendy 
onto  the  surface  using  a  solution  of  lead  acetate,  and  the  process  repeated  to  obtain 
thicker  films.  After  &ing,  the  comi^ite  film,  a  transparent  film  of  PST  is  obtained. 
The  crystallogn^hic  and  moipholo^cal  prc^perties  of  die  films  have  been  analysed  by 
X-ray  difiiractimi  and  SEM  and  elemental  analyses  determined  using  EPMA.  The 
films'  electrical  fsoperties  have  been  measured  against  field  and  temperature,  showing 
a  strong  induced  pyroelectric  re^nse  (3.8  x  lO'^Cm'^K'^),  peak  permittivities  of 
4500  and  low  loss.  A  high  material  figure-of-merit  (11  x  10~^Pa'l^)  was  obtained. 
Results  are  presented  which  illustrate  the  relationships  between  the  prcqierties  and  the 
observed  structure  of  the  films,  with  the  processing  conditions.  A  possible  mechanism 
for  the  formatimi  of  perovsldte  PST  is  outlined. 


INTRODUCTION 

Ferroelectric  materials  have  attracted  considerable  interest  recendy,  due  to  their  unique 
range  of  dielectric,  pyroelectric  and  optical  properties.  Due  to  the  need  for 
miniaturisation  and  integrated  processing,  techniques  have  been  developed  to  deposit 
these  materials  as  thin  films  direcdy  onto  a  given  substrate.  Conventional  routes  to  thin 
film  production  rely  on  coiiq)lex  mixing  and  chemical  reactionof  the  iq)pix^ate  oxides  at 
elevated  tenq)eratures  and  subsequent  liq)ping  and  thiniung  operatitxis.  This  is  cosdy  and 
time  consuming  and  in  cases,  not  particularly  suited  to  complex  specifications. 
Consequendy,  there  has  been  renewed  interest  in  the  deposition  of  thin  films  direcdy  by  a 
variety  of  means,  including  physical  vapour  deposition  (eg,  sputtering),  chemical  vapour 
deposition  (CIVD),  and  solution  methods  (sol-gel).  The  method  described  below  involves 
film  deposititm  by  sol-gel  jnccessingl,  which  is  attractive  because  of  its  simplicity.  Hlms 
can  be  readily  deposition  from  partially  polymmsed  solutions  by  spinning  or  dip-coating 
techniques  followed  by  pyrolysis  of  the  film  in  air.  In  this  present  study,  the  sol-gel 
process  has  been  utilised  for  the  deposition  of  PST,  by  spin-coating  a  stable  sol  onto 
substrates  such  as  sapphire,  GGG  (Gd3Gas0i2)  and  magnesium  oxide. 
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PST  is  a  perovsldte  stnictuml  relaxor  fenoelecthc  oxide,  and  is  an  impmtant  member  of 
a  class  of  fenoelectric  compounds  exhibiting  diffuse  feiroelectric-paraelectric  phase 
transitions.  These  so-called  relaxor  materials  are  the  subject  of  ccxtsiderable  interest  on 
account  of  their  novel  dielectric  behaviour,  and  their  potential  applications.  PST 
conftxms  to  the  general  fcmnula  (A(B*xB'*i.x)03)  with  the  lead  atoms  occupying  the  A- 
sites  and  the  scandium  and  tantalum  atoms  located  on  the  B-site^  (Figure  1). 


Hgure  1 :  Structural  model  of  ordered  PST 
EXPERIMENTAL  PROCEDURE 

Various  types  of  precursors  have  been  used  previously,  to  deposit  a  wide  range  of 
materials  by  several  groups.  These  include  organic  acids,  metal  ^diketonates  and  most 
popularly,  metal  alkoxides.  A  combination  of  materials  have  been  used  here,  mainly 
limited  by  the  availability  of  a  suitable  scandium  precursor.  Previous  studies  by  Shrout  et 
al^,  have  shown  that  conventional  processing  of  A(Bi  62X^3  type  ceramics  invariably  lead 
to  the  formation  of  a  detrimental  pyrochlore  type  phase.  Therefore,  a  similar  approach 
was  used  to  that  pertaining  in  bulk  PST  ceramic^,  whereby  the  two  B-site  elements  are 
prereacted  first  to  form  the  wolframite  phase  (ScTafU)  before  reaction  with  lead  oxide.  A 
flow  diagram  for  the  preparation  of  a  typical  PST  film  is  shown  in  Figure  2. 

Scandium  acetylacetonate  was  prepared  according  to  the  method  of  Morgan  &  Moss^. 
Tantalum  ethoxide  was  obtained  cotmnercially  and  distilled  prior  to  use.  The  reaction 
between  Sc(acac)3  and  Ta(OEt)s  leads  to  the  formation  of  a  complex  whose  structure  as 
yet  has  not  been  identified.  The  lead  sol  was  prepared  by  dissolving  lead  acetate  in  2- 
methoxyethanol  and  refluxing.  The  films  were  processed  by  multiple  depositions  with 
pyrolysis  of  'organics'  at  450®C  between  layers.  Using  this  novel  process,  a  composite 
film  structure  consisting  of  ScTaQ4  interspaced  with  PbO  lay^  was  sintered  in  a  lead  rich 
environment  to  attain  the  correct  film  stdehiometry. 
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ScIR')3  +  Ta(OR-)5?9“*:('RO)3Ta{OR)2Sc(R')3'  Stock  Solution 


R  =  -CH2CH2OCH3 
R'  =  CH3COCHCOCH3 
R"  =  -CH2CH3 


Spin  Cast  2000  rpm 


Substrate  Coating - ^ 

I  Repeat 

Bake  450«C - 1 

- Repeat 

Bake  ai  450“C - ♦ 

1 

Sinter  in  Air.  Upto  900** C  in  PbZr03  Spacer 


Pb  Stock  Solution 
(Single  Coating) 


Figure  2 :  Flow  diagrain  for  the  pceparatioa  of  PST  thin  films 

The  PST  films  were  characterised  by  a  number  of  techniques  including  (XRD),  Scanning 
Electron  Microscopy  (SEM)  and  Election  Probe  Microanalysis  (EPMA).  The  films' 
dielectric  prc^rties  were  measured  using  Cr/Aa  interdigitated,  and  simple  wire-noask 
patterns  on  the  surface.  Measurements  were  obtained  using  a  General  Radio  bridge  type 
1615A  and  Wayne  Kerr  6425  LCR  meter. 


RESULTS  AND  DISCUSSIONS 

As  shown  below  (Figure  3),  a  cubic  perovsldte  phase  was  obtained  for  a  film  grown  on 
GGG  substrate.  The  lattice  parameter  value  of  ao=4.07SA  was  obtained,  which  agrees 
with  values  obtained  fw  bulk  ceramic^.  Additionally,  diere  was  evidence  of  superiattice 
reflections  at  (1 1 1)  and  (31 1),  indicating  some  degree  of  ordering  between  Sc^'*'  and 
Ta^,  ie,  in  a  fully  ordered  system  Sc  and  Ta  alternate  with  each  other  in  3D,  effectively 
doubling  the  lattice  parameter.  All  the  films,  iirespecdve  of  substrate,  show  a  high  d^ree 
of  preferred  mientation  along  the  (200)  axis;  this  is  probably  related  to  the  layering 
process  and  the  film  thickness,  leading  to  different  film  textures.  The  surface  and  cross- 
sectional  microstructure  of  a  2.7pm  PST  film  grown  on  GGG  are  shown  in  Figure  4(a) 
and  (b).  The  film  exhibited  a  typical  granular  morphology  with  an  average  grain  size  of 
1.5pm.  The  films  were  also  fully  dense  and  exhibited  none  of  the  fine  scale  porosity 
normally  observed  in  sol-gel  derived  thin  films.  EPMA  analysis  on  the  deposited  and 
fired  film  gave  typical  values  of  Pbo^Sco^Tao.49)03. 
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Figure  3  :  X>ray  diffraction  pattern  of  2.7|un  thick  PST  film  on  GCG 

The  tnechanism  of  film  formation  has,  as  yet,  not  been  fully  elucidated,  but  from  the 
results  obtained  thus  far,  and  from  high  resolution  cross-sectional  TEM  analysis^,  the 
mechanism  involves  the  formation  of  a  weak  ScTaOtt  phase  which  has  some  degree  of 
inherent  porosity.  At  the  reaction  temperature  used  (900°O,  above  the  melting  point  of 
lead  oxide,  a  liquid  phase  is  fcmned,  which  diffuses  through  the  ScTa04  layers,  reacting 
to  form  PST.  Any  remaining  PbO  is  lost  to  the  suirounding  atmosphere,  as  equilibrium  is 
achieved. 


Figure  4 :  SEM  miciographs  of  (A)  surface,  aid  (B)  cross-section 
of  a  PST  nim  ^wn  on  GGG 


The  variation  of  dielectric  properties  of  a  2.7pm  thick  PST  film  on  GGG  at  zero  bias  field 
against  temperature  are  shown  in  Figure  S.  The  relatively  sharp  characteristic  in  the 
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diekctiic  constant  is  indicative  of  first  order  type  behaviour.  The  peak  at  4S00  is  lower 
than  expected,  for  example,  average  bulk  comnic  values  are  close  to  15000.  Increase  in 
the  bias  field  shifts  this  peak  towards  higher  temperatures,  with  a  slight  increase  in  the 
permittivity.  The  dissipation  facttx-  (tanS)  had  a  minimum  value  of  -0.2%  at  70°C,  which 
is  higher  than  e}q)ected,  aiul  the  increase  with  applied  field  is  probably  due  to  domain  wall 
motion.  The  measured  induced  pyroelectric  coefficient  (P)  at  30°C  and  SV/|xm  gives  a 
val”e  of  (3.8  x  lO^Cm'^K'f),  which  compared  to  conventional  pyroelectrics  such  as 
PbTiOs^,  is  over  a  magnitude  greater.  The  material  figure-of-merit  (F^)  described  as  Fd  = 
P/(C>/(e,tan8)),  where  C  =  volume  heat  ct^>aci^  (2.7  x  lO^Jm'^K'l)  was  calculated  to  be 
1 1  X  lO'^Pa'l/2  where  equivalent  bulk  ceramic  values  can  be  as  high  as  17  x  lO'^Pa*/^^. 
A  comparison  of  Fd  value's  fm-  typical  pyroelectric  materials  is  given  in  Table  1.  In 
addition,  the  PST  films  also  show  high  dc  resistiAnty  and  dielectric  strength,  typical  values 
of  >10*OQm  and  lO^V/m  respectively. 


0  20  40  60 


Temperature  (®C) 

Figure  5  :  Variation  of  permittivity  and  dissipation  factor,  under  bias 
Vs  temperature  for  a  2.7um  thick  PST  film 


The  preparation  of  suitable  sols  for  the  deposition  of  PST  thin  films  has  been  made 
possible  by  the  availability  of  suitable  precursors.  A  novel  2-stage  deposition  process  has 
been  devised  to  produce  good  quality  highly  preferred  orientation  perovskite  PST  films 
on  sapphire,  and  GGG  substrates.  The  dielectric  properties  of  the  films  indicate 
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bchavuHir  siinilar  to  bulk  ceramic,  and  relatively  high  material  figure  of  merit's  have  been 
obtained.  With  further  development,  this  is  likely  to  come  a  preferred  route  fcM-  the 
falmcadon  of  large  2-D  arrays,  suitable  for  IR  applications. 


TABLE  1  Comparison  <rf  Materials  Merit  with  Conventional  Pyroelectric  Materials 


TGS 

SBN 

P2 

PST 

SOL-DERIVED 

FAMILY 

FAMILY 

CERAMICS 

CERAMIC 

PST  FILM 

Tc°C 

49-75 

70-120 

166-230 

20-30 

0-20 

FD(10-5Pa-l/2) 

6-8.3 

6-9.8 

3.5-6 

12-15 

5-11 
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GROWTH  OF  PLZT  THIN  nUdS  USING  CLUSTER  MA(»4ETRON  TECHNIQUES 
K  F  Dexter,  K  L  Lesria  and  J  E  Chedaey 

DRA  Mahrem,  St  Andrewa  Road,  Malvern,  Worca  WR14  3PS,  UK 
Ahatrart 

The  depoaitloa  of  PLZT  thin  films  by  cluster  magnetron  techniques  la  described. 
X-ray  phMoelectroo  spectroacopy  has  been  used  to  determine  film  composition 
over  a  range  of  substrate  tmnpmatures.  As-deposited  films  have  been  studied 
by  X-ray  diffraction  techniques  and  the  role  of  post  dqioaitlon  aoneallng  has 
been  assessed.  The  morphology  and  growth  rates  have  been  determined. 

INTRODUCTION 

Thin  films  of  PLZT  have  been  studied  extensively  In  order  to  exploit  their  ferroelectric 
and  electro-optic  propmties  (1,2|.  Deposition  of  PLZT  (x/y/z),  where  x,  y  and  z  are 
defined  by: 

*^l-x/100  ^/lOO  <^y/100  ‘*‘i*/i00)l-x/400O3  *** 

b  achieved  in  this  study  using  r.f.cluster  magnetron  sputtering.  This  technique  offers 
advantages  over  other  routes  in  terms  of  film  quality,  surface  morphology  and 
compositional  control.  In  common  with  other  methods,  such  as  sol-gel  deposition  |4,S), 
and  single  target  r.f.  sputtering  (6,7,8]  control  of  lead  stoichiometry  is  a  key  issue  and 
using  a  cluster  magnetron  (Fig  i),  we  report  incorpwation  of  Pb  into  our  PLZT  films  up 
to  and  in  excess  of  the  chosen  stoichiometric  value.  This  allows  the  eiqiloration  of  two 
step  deposition/anneal  processes,  where  films  containing  an  excess  of  Pb  can  be 
sputtered  at  room  temperature  and  annealed  into  the  perovsklte  phase  (9] 

EXPERIMENTAL 

The  work  was  carried  out  in  a  UHV  system  with  50mm  planar  magnetrons  (Fig  1).  The 
sputtering  targets  used  in  this  work  are  PLZT  (8/75/31.5)  ceramic  and  metallic  lead 
(99.9%  purity).  Polished  c-piane  sapphire  substrams,  2&nm  diameter,  were  positioned 
at  110mm  from  the  targets.  A  calibrated  suhatrate*  heater  was  used  to  generate 
temperatures  of  up  to  640*C.  Sputtering  was  carried  out  in  mixtures  of  argon  and 
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oxygen,  wboee  composition  was  controlled  using  Brooks  58S0R  series  mass  flow 
controllws.  The  effect  of  plasma  tbermalisation  was  studied  by  variation  in  deposition 
pressure  over  the  range  1x10'^  to  BxlO'^mbar.  All  experiments  reported  in  this  work 
were  carried  out  at  2xl0*^mbar.  The  composition  of  the  films  was  determined  after 
deposition  by  X-ray  pbotoelectron  spectrosccvy  (XPS).  These  measurements  were 
calibrated  using  a  PLZT  9/65/35  optical  grade  ceramic  standard.  All  surfaces  were 
etched  in  Ar*  at  5000iiA>  2.5kV  for  30  mins  to  remove  surface  contamination  before 
analysis.  Studies  of  films  deposited  in  situ  in  the  UHV  system  used  for  XPS  anal)rsis 
confirmed  the  reliability  of  this  technique,  and  demonstrated  the  absence  of 
preferential  sputtering  effects.  One  particular  advantage  of  using  this  technique  is  the 
ability  to  determine  reliably  the  oxygen  content  of  the  films.  The  crystal  structure  was 
determined  using  a  Siemens  D5000  diffractometo',  using  Ni  filtered  CuKo  radiation. 

A  Wyko  TOPO  3  white  light  interferometer  was  used  to  assess  the  effects  of  a  post- 
deposition  anneal  on  film  morphology.  Growth  rate  data  has  also  been  determined  using 
this  technique  and  cross-referenced  with  a  Oektak  2000  step  meter.  Annealing 
experiments  were  carried  out  using  a  fused  silica  resistive  beater  furnace  with  ia  situ 
temperatures  monitored  by  a  Pt:Pt/Rh  thermocoiq>le. 

RESULTS  AND  DISCUSSON 


The  effect  of  power  applied  to  the  secondary  lead  source  can  be  seen  in  Fig  2.  The  Pb 
content  value  required  for  stoichiometric  9/65/35  PLZT  is  0.91  (for  oxygen  «3),  and  so 
an  excess  of  lead  can  clearly  be  incorporated  into  the  films,  provided  that  5%  oxygen 
is  added  to  the  sputtering  gas.  The  inqxtrtance  of  oxygen  in  controlling  the 
incorporation  of  lead  into  the  films  is  clearly  evident  from  Fig  3.  This  Is  fundamental 
to  the  achievement  of  the  correct  stoichiometry  of  films  at  growth  temperatures  in 
excess  of  600*C  (Fig  4).  However,  both  the  input  of  oxygen  during  deposition,  and  the 
application  of  power  to  the  secondary  lead  target  have  the  effect  of  reducing  the 
gro«vtb  rate.  Films  d^MMlted  at  room  temperature  are  amorphous.  At  intermediate 
temperatures  (<500*C),  mixed  phase  deposits  are  obtained,  but  even  at  the  highest 
temperatures  examined  it  has  been  difficult  to  produce  100%  phase  pure  ptuovskite 
material.  Films  of  highly  oriented  pyrochlore  (Fig  5)  are  readily  obtained  at 
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temperatures  between  500  and  040*C. 

The  abiliQr  to  dqMSit  fihna  containing  excess  Pb  allows  the  exploration  of  2-8tep 
anoealing  for  the  production  of  perovskite  films.  This  process  uses  a  room  temperature 
growth  stage  followed  by  post  deposition  anneal.  Films  deposited  at  room  temperature 
can  have  lead  contents  in  excess  of  200%  of  the  required  value,  and  in  common  with  the 
higher  temperature  deposition  excess  lead  films,  they  are  black  in  colour.  Subsequent 
annealing  at  600*C  for  2  hours  in  air  produced  single  phase  110  perovskite  films  (a^  > 
4.153A).  The  films  then  have  an  optical  transmission  close  to  the  Fresnel  limit  of  75% 
at  632.8nm. 

Studies  of  surface  morphology  using  whi.e  li^t  interferometry  have  highlighted  an 
increase  in  surface  morphology  produced  as  a  result  of  the  anneal  process.  This  is 
related  to  the  exact  amount  of  lead  present  in  the  as-deposited  films,  and  in  the  worst 
cases  can  be  in  excess  of  5nm,  with  pinholes  2-3/an  in  diameter.  These  are  clearly  the 
result  of  grain  growth  phenomena  and  the  ensuing  crystallisation  of  Che  film. 

SUMMARY 


Cluster  magnetron  techniques  have  proved  to  be  a  very  effective  method  for  controlling 
the  incorporation  of  lead  in  PLZT  thin  films.  As-deposited  films  can  be  either 
amorphous  or  pyrochlore  phase.  Subsequent  annealing  of  films  can  produce  single  phase 
perovskite  layers. 
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Fig.  I:  UHV  cluster  of  SOmm  magnetron  sputter  sources  with  shutters,  gas  rings 

and  a  fast  itom  source  (courtesy  of  Atom  Tech  Ltd). 


Variation  of  Pb  content  (normalised  to  oxygen  -  3)  with  RF  poww  appiied 
to  Pb  source  for  films  grown  with  and  without  oxygen,  substrate 
temperature  540*C.  This  emphasises  the  role  of  oxygen  in  controlling  the 
Pb  content  of  PLZT  films. 
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X  oxygen 

Fig.  Ill:  Variation  of  Pb  content  (normaliaed  to  oxygen  ■  3)  with  oxygen  level  for 

a  fixed  power  level  to  the  Pb  source  of  lOW  and  substrate  temperature 
540X. 


Pb  source  power/W 

Variation  of  Pb  content  with  RF  power  applied  to  Pb  source  for  films 
grown  at  two  different  temperatures.  This  shows  the  steep  variation  in 
Pb  content  with  change  In  deposition  temperature 
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Fig.  V:  X-ray  diffraction  spectnim  of  a  thin  film  of  PLZT  grown  at  SSO’C, 

showing  the  high  level  of  preferred  orientation  found  in  pyrochlore  films. 
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Abstract  Polarization  dependent  photoresponse  from 
ferroelectric  lead  zirconate  tltanate  (PbZrQ  s,t1q  47O3) 
thin  films  sandwiched  between  metal  electrodes  in  a 
capacitor  configuration  is  reported.  This  phenomenon 
has  potential  application  as  a  non-destructive 
readout (NDRO)  of  nonvolatile  polarization  state  of  thin 
film  ferroelectric  memories.  High  speed  readout  using 
laser  pulses  with  full  width  at  half  maximum  of  -10ns, 
at  532  nm  wavelength  is  demonstrated.  The  polarization 
direction  of  the  ferroelectric  capacitor  is  reflected  in 
the  direction  of  the  photocurrent  response.  The  rise 
time  of  the  photocurrent  response  is  as  fast  as  25  ns 
and  the  relaxation  time  is  fraction  of  a  microsecond. 
The  readout  signal  from  individual  polarized  elements  is 
repeated  over  a  million  times  with  no  detectable 
degradation  in  the  photoresponse  or  the  remanent 
polarization  as  verified  independently  by  the 
conventional  destructive  readout  technique.  In 
principle,  both  electronic  as  well  as  thermal  mechanisms 
could  be  triggered  by  such  photon  exposure  of 
ferroelectric  thin  films.  Comparison  of  the 

photoresponses  from  a  device  with  a  semitransparent  top 
electrode  and  an  opaque  top  electrode  respectively 
suggests  that  the  observed  NDRO  signal  is  predominantly 
due  to  thermally  triggered  mechanisms. 


INTRODUCTION 

Compact  on-chip,  radiation  hard,  non-volatile  memozry  storage 
with  high  speed  interactive  access  is  desired  in  a  wide 
variety  of  applications  that  need  'power-off'  memory 
maintenance.  Such  applications  appear  in  all  spheres  ranging 
from  alternatives  for  battery  backed  defense  needs,  power- 
off  memory  maintenance  aboard  space  missions,  and  in  the 
commercial  arena  for  a  wide  variety  of  needs  including  data 
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storage  for  intelligent  navigation  in  the  automotive 
industry,  notebook  computers,  solid  state  voice  messaging 
systems  for  telephones/pagers,  frame  and  configuration  memory 
for  high  definition  television.  Ferroelectric  non-volatile 
memories  are  promising  for  these  applications.  With  the 
advances  in  technology  to  deposit  thin  films  of  PZT  (lead 
zlrconate  titanate)  and  integrate  them  with  conventional 
silicon  technology,  ferroelectric  non-volatile  memories  are 
now  well  into  their  development  phase^*^*^.  The  memory 
element  consists  of  a  thin  film  ferroelectric  capacitor,  in 
which  the  non-volatile  storage  is  based  on  the  remanent 
polarization  within  the  ferroelectric  thin  film.  The 
established  readout  technique  relies  upon  the  transient 
displacement  current  (or  edssence  thereof)  induced  by  polariza¬ 
tion  reversal  under  applied  switching  pulse.  However,  such 
a  process  destroys  the  stored  information,  which  necessitates 
a  rewrite  operation  after  every  read  cycle  and  complicates 
the  hardware. 

Alternatively,  a  ’•poled"  ferroelectric  thin  film 
element,  when  Illuminated  with  photons,  generates  a  small 
photocurrent  proportional  to  the  remanent  polarization 
(stored  memory) .  There  are  two  broad  classes  of  possible 
mechanisms  that  could  be  triggered  by  such  photon  exposure  of 
ferroelectric  thin  films  (a)  photocarrier  generated  responses 
such  as  photovoltaic  effect^'^,  or  localized  electronic 
transitions*'^,  or  transient  space  charge  currents®'” ;  and 
(b)  effects  arising  due  to  heating  of  the  device  such  as 
pyroelectric  effect®*’^'”  (associated  with  temperature 
change)  or  a  piezoelectric  effect”'”  (associated  with 
propagation  of  an  acoustic  deformation  wave  through  the 
ferroelectric  film) .  If  radiation-hard,  nonvolatile, 
ferroelectric  memories  could  be  read  non-destructively  in 
terms  of  the  photoresponse  (photocurrent  or  photo-emf)  with 
such  contact-less  optical  addressing,  they  would  clearly  have 
a  major  Impact  on  the  growing  need  for  rugged  and  robust 
solid  state  memory  systems.  Furthermore,  a  strong  motivation 
for  such  a  readout  arises  from  the  fact  that  the  highly 
parallel  photoresponse  output  from  an  array  of  memory  pixels 
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would  bo  Idoally  suited  for  high  performance  coiqputlng 
applications*''*,  especially  those  involving  parallel 
processing  and  architectures  such  as  large  scale  artificial 
neural  networics.  In  addition,  such  a  non-destructive 
readout  (NDRO)  may  allow  use  of  the  ferroelectric  capacitor  as 
a  nonvolatile  analog  memory.  Non-destructive  readout  from 
bulk  ferroelectric  ceramic  elements  has  been  demonstrated* 
utilizing  the  remanent  polarization  dependent  photovoltaic 
photo-emf.  The  polarity  of  the  photo-emf  depends  on  the 
direction  of  the  remanent  polarization. 

This  paper  reports  the  observation  of  repetitive,  high 
speed  polarization  dependent  directional  photocurrent 
response,  generated  from  ferroelectric  thin  film  capacitors 
of  sol -gel  deposited  PZT  at  zero  applied  bias.  The 
appllc2d>lllty  of  such  photoresponse  to  non-destructive 
readout  of  the  stored  memory  is  further  demonstrated. 

EXPERIMENTAL  DETAILS 

The  sol-gel  lead  zirconate  titanate  (PbZrg  ^jTig  thin 
films  (provided  us  by  Raytheon  Equipment  Division,  Sudbury, 
MA)  were  deposited  by  a  modified  Sayer's  Technique'^  on 
oxidized  silicon  substrates  covered  with  an  evaporated  Tl/Pt 
(-1000  A/IOOOA)  base  electrode.  The  lead  zirconate  titanate 
(PZT)  film  contained  -18%  excess  lead  and  were  -1700  A  thick. 
Crystallization  of  the  as  deposited  PZT  was  accomplished  by 
annealing  the  films  at  550 *C  for  10  minutes  in  oxygen 
2UBblent.  To  complete  a  standard  sandwich  capacitor  test 
structure'*,  thin  transparent  films  of  platinum  (-  lOoA  - 
15oA)  were  deposited  as  the  top  electrode.  The  top 
electrodes  were  patterned  by  conventional  lift-off  techniques 
as  dots  of  lOO^m  to  250im  diameter.  Optical  transmission 
through  the  top  electrode  films  (1  -  300  to  800  nm)  was  about 
30%.  The  high  speed  photoresponse  from  the  thin  film 
ferroelectric  capacitor  (TFFC)  is  measured  using  a  coherent 
energetic  laser  pulse  that  is  capable  of  heating  the  device. 
A  Nd-YAG  pulsed  laser  at  the  wavelength  of  532  nm  is  utilized 
for  these  experizrants.  The  incident  photon  energy  is  lower 
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than  the  PZT  bandgap  (3.5  eV,  as  determined  from  optical 
transmission  studies'^*^*  on  the  PZT  film  on  sapphire 
substrates)  and  is  therefore  weakly  (<  1%)  absorbed  by  the 
PZT.  The  laser  pulse,  with  a  full  width  at  half  maximum  of 
10  ns,  has  a  winged  profile  and  delivers  -10  nJ  per  pulse  at 
532  nm  at  a  lOHz  repeat  frequency.  For  the  measurement  of 
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FIGURE  1  First  readout  of  photoresponse  current  from 
thin  film  ferroelectric  capacitor  (TFFC)  with 
semitransparent  top  electrode  (a) ^positively  polarized 
state  (b)  negatively  polarized  state 
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the  photocurrent,  the  top  and  bottom  electrodes  of  the  TFFC 
are  short  circuited  across  the  son  internal  impedance  of  an 
oscilloscope,  which  records  the  zero  bias  photoresponse  from 
the  TFFC  on  illumination  with  the  laser  pulse.  The  capacitor 
was  poled  positively  by  using  a  -t-4  V  pulse  for  l/isec  or 
negatively  by  a  -4  V  pulse  for  the  same  duration. 


— ^50  ns|-* — 
TIME  (ns) 


FIGURE  2  Millionth  readout  of  photoresponse  current 
from  TFFC  with  a  semitransparent  top  electrode 
(a)  positively  polarized  state  (b)  negatively  polarized 
state . 
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Figures  1(a)  and  1(b)  respectively  show  the  first  readout  of 
the  photoresponse  current  froa  a  TPFC  in  its  positively  and 
negatively  poled  states  respectively.  The  polarization  state 
of  the  TFFC  is  clearly  reflected  in  the  direction  of  the 
photoresponse  current.  The  laser  pulsing  was  continued 
repetitively  at  a  10  Hz  frequency.  Even  after  over  a  million 
readouts  from  the  TFFC,  the  photoresponse  was  virtually 
unchanged,  and  the  polarization  state  (as  verified  by  the 
conventional  ORO  technique)  was  unchanged.  Figures  2(a)  and 
2(b)  show  the  millionth  readout  of  the  photocurrent  response 
from  the  TFFC  in  its  positively  and  negatively  poled  states 
respectively.  No  degradation  on  the  amplitude  of  the  peak 
photoresponse  in  either  direction  is  observed.  The  asymmetry 
in  the  magnitude  and  the  shape  of  the  photoresponse  signals 
in  the  two  oppositely  poled  cases  (Figs.  1  a  and  1  b  and/or 
2(a)  and  2(b))  could  be  due  to  a  photocurrent  offset  a 

photovoltaic  contribution  from  the  pair  of  asymmetric  (back 
to  back)  Schottky  junctions  at  the  two  PZT-electrode 
interfaces  of  the  TFFC.  In  fact,  the  photoresponse  from  a 
device  with  an  opaque  top  electrode  (Pt  thickness  ~  3000  A) 
shown  in  figure  3  (replotted  for  a  longer  duration)  is 
observed  to  be  almost  symmetric  mirror  images  for  the 
positively  and  negatively  poled  cases  respectively.  The 
opaque  electrode  prevents  light  from  reaching  the  PZT,  thus 
avoiding  any  photocarrier  generation  and  consequently  the 
photovoltaic  component  is  absent. 

Furthermore,  figure  3  shows  that  the  charge  flown  in  one 
direction  giving  rise  to  the  photocurrent,  when  the  light 
pulse  is  turned  "ON”,  is  essentially  matched  in  magnitude  (~ 
0.12  ±  0.02  nC)  by  charge  flowing  in  the  opposite  direction 
(current  in  opposite  direction) ,  following  the  end  of  the 
primary  photoresponse  signal,  due  to  turn  "OFF"  of  the  laser. 
This  current  reversal  at  the  end  of  the  primary  signal  takes 
place  in  case  of  both  polarization  directions.  The  observed 
response  profile  with  charge  conservation  confirms  that  the 
phenomenon  is  a  thermally  triggered  pyroelectric®* 
(associated  with  temperature  change  within  the  PZT)  and/or 
piezoelectric  effect’®*’®  (due  to  propagation  through  PZT  of 
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FIGURE  3  Replots  on  a  larger  time  scale  of  the 
photoresponse  current  readout  from  a  TFFC  with  an  opaque 
top  electrode  (a)  positively  polarized  state 
(b)  negatively  polarized  state. 

an  acoustic  deformation  wave,  initiated  by  sudden  thermal 
expansion  of  the  platinum  top  electrode,  in  response  to  the 
short  energetic  photon  pulse:  photostimulated  deformation 
wave  initiated  piezoelectric  response  ) .  Similar  charge 
conservation  between  the  total  charge  out  within  the 
transient  photoresponse  at  turn  on  of  the  optical 
perturbation  signal  and  the  oppositely  directed  transient  at 
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the  turn-off  of  the  optical  signal  was  attributed  to  a 
pyroelectric  effect  by  Chynoweth’^.  However,  it  is  possible 
that  the  pyroelectric  response  from  PZT  in  our  experiment 
may  be  blocked  by  the  highly  reflective,  opaque  top 
electrode.  On  the  other  hand,  based  on  the  reported^^ 
piezoelectric  coefficient  of  PZT,  the  observed  AQ  could  arise 
due  to  an  estimated  stress  of  -  10^  N/m^.  Assuming  the 
Young's  Modulus  for  Pt  top  electrode  to  be  identical  to  the 
reported^  bulk  value,  even  a  small  fraction  (-1%)  of  the 
incident  energy  being  absorbed  could  result  in  stress  levels 
as  high  as  9x10^  M/m^. 

The  rise  time  of  the  photocurrent  response  is  as  short 
as  -25  ns,  whereas  the  relaxation  time  is  a  fraction  of  a 
microsecond.  More  study  of  the  rise  time  and  relaxation  time 
of  the  primary  photoresponse  as  a  function  of  the  top 
electrode  thickness  and  the  illumination  wavelength  is 
underway  to  establish  the  exact  nature  of  the  underlying 
mechanism,  and  to  differentiate  between  the  pyroelectric 
effect  and/or  photostimulated  deformation  initiated 
piezoelectric  effect. 


CONCLUSION 

In  conclusion,  this  paper  presents  a  clear  observation  of  a 
high  speed,  repetitive,  polarization  dependent  non¬ 
destructive-readout  signal  (a  photocurrent) ,  with  a  rise  time 
as  short  as  -25  ns  from  thin  film  ferroelectric  capacitor 
structures,  when  illuminated  with  laser  (A.  =  532  nm)  pulses. 
Comparison  of  readout  signals  from  devices  with 
semitransparent  and  opaque  top  electrodes  respectively 
suggests  that  the  observed  NDRO  signal  component  is  primarily 
due  to  thermally  triggered  mechanisms. 
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Abstract  Some  mloroeleotronlo  applloatlons  of  fen*o- 
eleotrlo  films,  siioh  as  MISFET,  CCD,  memory,  and  solid 
state  Image  sensor  are  disoussed.  Certain  results  on 
prex>aratlon  of  thin  films  by  sol-gel  method  are  given 
as  well. 


INTRODUCTIQH 


Having  unique  physical  properties  ferroeleo trios  are  promi¬ 
sing  oandldates  for  mloroeleotronlo  applloatlons  in  data 
processing  and  manory  devices.  However,  their  Integration 
with  silicon  technology  had  been  hampered,  mainly,  due  to 
worae  film  performance  oonq>az*ed  to  bulk  ones.  A  sufficient 
progress  In  FZT  film  technology  achieved  during  last  few 
years  opens  new  ways,  and  some  first  FeRAM  are  entering  the 
nmurket  nowadays.^  In  the  present  paper  we  try  to  give  a 
review  of  some  our  results  concerning  mloroeleotronlo  ap¬ 
plication  of  thin  ferroelectric  layers  In  metal/ferro- 
eleotrlo/semloonduotor  devices,  such  as  MISFET,  CCD,  MFeS 
mmnory,  and  also  In  solid  state  image  sensors.  Certain  re¬ 
sults  on  pzreparatlon  of  ferroelectric  films  by  the  sol-gel 
method  are  disoussed  as  well. 


HIGH  DTTgr.TgnTRTn  CONSTANTS  OF  FERRmgr.TgnTRTCS  FOR  MISFET 
AND  CCD 

In  this  section  we  consider  possibilities  of  increasing  the 
dielectric  constant  of  gate  dielectrics  In  MIS  transis¬ 
tors  and  CCDs.  In  contrast  to  monory  applloatlons.  It  Is 
desirable  that  one  deals  with  a  paraeleotrlo  phase,  other¬ 
wise  a  sanloonduotor  surfsioe  potential  may  be  changed  owing 
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to  oarrlePB  motion  oaused  by  the  spontaneous  polarization. 

For  MISFET  we  have  oalotilated  maxi mi  an  channel  oonduo- 
tanoe  g(L/Z)  (Figure  1)(or  the  transoonduotanoe  oolnoldlng 


FIGURE  1  The  dependenoles  of  g(Ij/Z)  on  the  dieleotrlo 
constant  6^  with  the  surface  state  density  as  a 

parameter. 

with  the  conductance  to  the  first  approximation)  normalized 

to  the  gate  length  L  and  width  Z.ln  MOB  technology  low 

1 0  — ?  —1  ^ 

of  silicon  dioxide  requires  small  (  4^  10  cm  eV  )  values 
of  N--  to  obtain  acceptable  transistor  characteristics: 
g(Ii/Z)  3*10  ^  fl  .  Further  decrease  in  doesn't  Impro¬ 
ve  device  performance  significantly.  It  can  be  seen  In  Fi¬ 
gure  1  that  essential  Increase  in  transistor  amplification 
(power)  characteristics  can  be  reached  If  E^  >  100  even  for 
high  values  of  N^g  (Ngg  ^  10^ ^-10^^  om~^eV~').  In  this  case 

one  can  obtain  very  high  values  of  the  parameters  (up  to 
—1  —1 

g(L/Z)  «  10  Q  ),  vdiloh  are  aliiK>st  inaccessible  by  other 
means  (e.g.,  by  increasing  the  electron  mobility  (i).  For 
the  sake  of  illustration,  we  expoee  in  Figure  1  extreme  va- 
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lues  of  gCL/Z)  of  MISFET  on  the  base  of  some  semloonduotor 
compounds  with  high  In  oaloulatlons  we  have  used  the 
bulk  low-field  mobility,  idille  real  values  of  surface  mobl- 

p 

Ilty  In  such  structures  are  2-3  tljnes  smaller.  Trapping 
has  not  been  accounted  as  well.  In  addition.  It  should  be 
only  noted,  but  not  enumerated,  a  great  number  of  wellknown 
difficulties  existing  In  MISFET  semloonduotor  ooi^pounds 
technology.-' 

One  of  the  most  Important  practical  applications  of 
CCDs  are  readout  registers  of  solid-state  Image  sensors.  To 
Improve  picture  quality  In  this  devices  It  Is  required  to 
Increase  the  amount  of  Information  transferred  throijgh  the 
register  during  frame  scanning  (B).  B  Is  defined  by  the  CCD 
cell  data-storage  capacity  (l.e.,  the  dynamic  range  7)  and 
data- transfer  rate  (l.e.,  the  register  clock  frequency  /): 

B  =  7/- 

We  have  calculated  maximum  B  -  B^_  as  a  function  of 

max 

for  different  N--  as  It  is  shown  in  Figure  2.  It  can  be 


FIGURE  2  The  dapendenoles  of  B...  on  the  £4  with 
as  a  parameter.  ““  1  es 
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Been  that  at  10^®  om'^eY”^  and  8^^“  1000,  the  amount 
of  information  transferred  through  the  register  during  fra- 

IP  4 

me  scanning  may  reach  10  -10  bits/second,  idiat  Is  ooa^- 
letely  inaccessible  by  other  means. 

The  calculations  above  relate  to  one  CCD  register 
cell.  CharaoteristicB  of  the  CCD  matrix  depend  on  its  spe¬ 
cif  Ic  design.  Por  example,  for  standard  matrix  320  »  312 
and  B  =  10  bits/second  the  contrast  level  number  is 
3*10^,  that  essentially  exceeds  the  up-to-date  level  and 
o€ui  be  important,  for  instance,  for  increase  of  color  pic¬ 
ture  transmission  quality  in  hl^-dsflnltlon  television. 

METAI-FEBHQELECTRIC-SEliICONDUCT(ai  MEMORY 

Integrated  ferroelectric  memory  is  now  a  reality,  but  to 
our  stxrprlse,  the  main  attention  focuses  on  monory  devices 
using  ferroelectric  capacitor  structure,  and  a  negligible 
attention  is  devoted  to  devices  with  ferroelectrics  as  gate 
dielectrics,  such  as  MFeS  transistor.  It  is  connected,  on 
the  one  hand,  with  sufficient  problems  of  interaction  bet¬ 
ween  ferroelectric  and  semiconductor  and  Interfaolal  per- 
fozmance,  idilch  are  arisen  in  the  last  case.  But  on  the 
other  hand,  nondestructive  data  reading  in  MPeS  memory 
gives  it  obvious  advantages  over  ferroelectric  capacitor 
memory:  more  reading/writing  cycles,  lower  time  and  power 
spending  during  reading,  etc. 

The  operation  of  MPeS  memory  is  based  on  changing  se¬ 
miconductor  surface  potential  by  alteration  of  spontaneous 
polarization  vector  direction.  An  example  of  such  a  device 
is  a  wellknown  MPeS  transistor  Shown  in  Plgure  3a.  Princip¬ 
le  of  reading,  used  in  MFeS  transistor,  is  not  the  unique 
one.  Plgure  3b  shows  MPeS  memory  with  OOD  reading.  A  signal 
charge  moves  under  the  first  transfer  electrode  and  is 
transferred  along  the  interface  for  further  prooessing^ 

Analysis  of  operation  of  MPeS  memory  cell  will  be  per¬ 
formed  in  tezmiB  of  characteristic  fields  that  enables  us  to 
remove  from  considering  its  dimensions.  Charaoterlstlo 
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FIQUKB  3  Prlnolplas  of  data  reading  in  MfeS  nenorgr 

a)  MFeS  tranelstor 

b)  MFeS  nenoiy  with  the  CCD  reading 

flelde  In  HFeS  meaoTj  nuet  he  tied  up  with  the  following 
relation: 

%  <  V<Vl>  <  <  ®A  < 

ehere  Egs[4k<rN  ln(N/n^)/(SQ6g)]^'^^  Is  the  field  at  the 
interface,  oorreepondlng  to  the  (diange  In  eurfaoe  potential 
of  aemloonduotor  by  the  value  needed  for  dletlnot  infozna- 
tlon  reading  (In  thle  oaee,  from  flat  band  to  strong  inver¬ 
sion),  ]c  Is  the  Boltzmann  oonstant  and  H,  n^,  8^  are  oon- 
oentratlon,  Intrlnelo  oonoentratlon  and  dleleotrlo  oonstant 
of  sllloon;  Fg  Is  the  spontaneous  polarisation:  <Kre 

dleleotrlo  constants  of  vacuum  and  ferroeleotrlo;  "Kq  Is  the 
ooerolve  field;  Is  the  field  In  ferroeleotrlo,  created 
by  applied  voltage:  1^  Is  the  breakdown  field. 

Thus,  the  figure  of  merit  of  XFeS  mamory  Is  F3/(6Qe^) 
describing  the  eleotrlo  field  at  the  ferroeleotrlo/semlocm- 
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duotor  interface  and,  therefore,  the  efficiency  of  ferro¬ 
electric  layer  Influmce  on  the  senloonduotor.  A  similar 
fissure  of  merit  is  found  for  pyroelectric  devices.  But  for 
feiToeleotrio  capacitor  memory  an  appropriate  figure  of  me¬ 
rit  for  ferroelectric  material  is  the  ratio  Fg/(E^8^EQ) 
characterizing  the  ratio  of  nonlinear  switching  response  to 
linear  nonswitchlng  response.^  Thus,  different  principles 
of  data  z*eadlng  in  capacitor  and  MFeS  memories  lead  to  dif¬ 
ferent  requlrasents  to  ferroelectric  performance. 

Relation  (1)  is  displayed  in  Figure  4.  The  upper  limit 


V/c:-! 


to® 


10® 


to* 


10^  to*  10®  10®  ^ 

’  ca 

FIGURE  4  The  representation  requlrmnents  to 
HFeS  memory 

of  permissible  values  of  Fg/CE^S^)  is  defined  by  Sq,  and 
the  lower  one  by  The  whole  permissible  area  is  shown 
for  Eg  =  5«10^  V/om,  =  10^  V/cm,  Eg  =  S'lO^  V/cm,  ^  = 
4*10^  V/om  (H  =  10^^  om”^),  when  one  finds  Pq/(8-8j)  = 

o  c  O  O  1 

4'10-^-  5*icr  v/om. 

For  a  real  MFeS  structure  It  is  necessary  to  take  into 


FERROXLICTRIC  !!BIN  YIUG  . . . 


(6831/371 


aooouQt  the  quality  of  Interface  between  8«nloonduotor  and 
ferroelectric,  and  one  obtains  the  following  relation: 


-  <0r  +  %s> 


8  Ej 
O  1 


(2) 


tdxere  Qp  Is  the  fixed  charge,  and  Qgg  Is  the  charge 
captured  In  surface  states. 

Usually,  a  loechanlsm  of  Qp  and  generation  Is  con¬ 
nected  with  brolcen  and  weakened  bonds  at  the  dlelectrlc/se- 


mlconductor  Interface  strongly  depending  on  processing  con¬ 
ditions.  For  ezanqile,  for  films  deposited  by  sputtering 
techniques  It  Is  difficult  to  provide  appropi*late  quality 
of  the  dleleotrlo/semlconduotor  Interface  due  to  bombard¬ 
ment  of  the  substrate  by  hl^  energy  particles.^ 

But  there  may  exist  a  generation  mechanism  of  that 
Is  directly  connected  to  ferroelectric  nature  of  the  film. 
It  Is  known  that  the  charge  In  dielectric  of  ms  structure 
can  generate  sin*face  states  at  the  interface.  For  Instance, 
the  Interface  trap  density  Increases  with  the  manber  of  mo¬ 
bile  charges  driven  to  the  SI-SIO2  Interface  when  the  caq>a- 
cltor  Is  blas-teoperature  stressed  or  exposed  under  the 
Ionizing  radiation.^  To  Interpret  this  fact  the  charge  mo- 
del'  Introducing  the  Interface  states  by  semiconductor  mo¬ 
bile  charge  carriers  binding  to  charge  centers  In  the  oxide 
In  the  Immediate  vicinity  of  the  Interface  have  been  sug- 

Q 

gested.  The  fluctuation  model  of  surface  states,  develo¬ 
ping  this  iq>proaoh,  deals  with  the  Interface  three- 
dimensional  potential  pits  caused  by  spaoe  fluctuation  of 
fixed  charge.  The  Influence  of  the  spontaneous  polarlzatlcm 
In  ferroeleotrlos  Induces  a  number  of  surface  states^: 


H_-=  - 

ss  ^ 


(Pg/qy)- 


exp  - 


where  A  =  Is  the  characteristic 
energy  scale  of  fluctuations;  ae  =  (8^^  8g)/2;  a^,  Sp  are 
electron  and  hole  Bohr  radii;  W  Is  tixe  gap  energy;  ip  Is 
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the  dlXferenoe  between  the  oonduotlvlt7  zone  and  the  femi 
level  eneziglee  at  the  Interface;  <j)^  la  the  minimum  of  the 
aurfaoe  states  energy  distribution.  It  oan  be  seen  (Figure 
5)  that  Fg  oan  oause  Intensive  generation  of  surface  states 


FIOORE  3  Dependencies  of  N..  at  the  middle  of  the 

j  BB 

gap  Ngg  ($  »  4^0)  on  Fg  for  different  values  of  e^. 

(Nss  ^10^^  an'^eV**^  for  =  20).  But  If  Increases  the 
Influence  of  Fq  upon  N^_  diminishes. 

For  noil  fluotoatlonB  A «  .  0,  the  Influoed 

charge  Qgg  may  be  estimated  as 

5/8 

^  A  r  Fq 

-  =  -  -2-  ,  (4) 

®o®l  ^o®! 

where  A  =  =  5535  for  the  Bohr  radius 

O  O 

Zq  =  5.29*10  ’  cm. 

The  corresponding  ohanges  of  permissible  values  Pg/CeoSi) 
found  from  lqB.(1-4)  are  shown  in  Figure  4.  The  Influence 
of  surface  states  Induced  by  spontaneous  polarization  is 
sufficient  at  500.  So  if  E^  4  20,  the  density  of  Indu- 
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oad  traps  is  so  hl^  that  the  most  part  of  spontaneous  po¬ 
larization  field  is  baffled  and  the  required  change  in  the 
surface  potential  is  not  realized.  With  increasing  the 
influence  of  induced  traps  falls  down.  Therefore  for  opera¬ 
tion  of  MFeS  memory  device  it  is  practically  necessary  to 
provide  ^  100. 

PYROELECTRIC  IMAGE  SENSOBS 

Pyroelectric  properties  of  ferroe  lee  trios  are  widely  used 
in  thermal  image  sensors. One  of  the  key  probl«ns  is  to 
provide  a  good  coupling  between  detectors  and  signal  pro¬ 
cessing  IC  with  keeping  hl^  thermal  insulation  of  the  sen¬ 
sitive  layer.  For  this  purpose,  the  Integrated  solid-state 
pyroelectric  CCD  sensor  was  anallzed  and  some  its  fabrica¬ 
tion  techniques  based  on  deep  chemical  etching  were 
developed. 

Pyroelectric  signal  has  a  differential  nature  and 
brings  a  very  low  voltage  on  detector  cells,  therefore,  an 
input  signal  is  usually  transfoimed  before  it  enters  CCD.^^ 
We  proposed  a  simple  detector  input  stage  irtiose  charge 
diagrams  are  shown  in  Figure  6.  During  a  time  period  t^ , 
the  chopper  opens  incident  radiation  and  the  detector  (D) 
charge  change  is  compensated  by  the  charge  transferred  frcmn 
diode  Vg  under  Ihe  input  diode  Vj.  During  a  period  t2»  fdien 
the  ohsuge  on  the  detector  reaches  its  maTliwaB  value,  the 
voltage  is  applied  to  the  diode  Yg  and  the  charges  under 
the  gates  Yp,  91  and  92  are  deleted.  Thus  the  potentials  of 
the  detector  and  the  nearest  gate  Yp  beo<»ie  equal.  During  a 
period  t^,  the  diode  Yg  is  isolated  frcmi  the  gate  92.  After 
closing  the  incident  radiation,  the  polarization  of  the  de¬ 
tector  changes  and  the  corresponding  signal  charge  is  gene¬ 
rated  under  the  gate  91 .  During  the  next  period  t^  this 
charge  is  clocked  into  the  line  register  93  and  the  detec¬ 
tor  input  stage  returns  in  Its  initial  state. 

Ferroeleotrlos  offer  new  feasibility  for  thennal  Ima¬ 
ging  arrays.  For  instance,  it  Is  possible  to  carry  out  pre¬ 
liminary  signal  processing  In  the  iiq)ut  circuit  by  changing 
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7I0URB  6  Ghiirge  diagrams  the  dsteotor  Input  stage 
of  COD  Image  sensor. 

spontaneous  polarisation  of  eaoh  dsteotor  due  to  oharges 
from  CCD  registers.  We  taave  used  this  principle  for  sensi¬ 
tivity  oorreotion  of  eaoh  dsteotor  element  In  order  to  de- 
orease  si^ial  non-uniformity  at  uniform  lllumlnatlcm.  Suoh 
an  Idea  may  be  used  also  for  Image  storage  and  oonvolutlcm 
of  two  Images. 

sfliHsa  fmAmm  ae  im  zhib 

We  have  Investigated  general  phenomena  of  film  formation. 
Including  influence  of  Initial  sol  oongpositicm  and  film 
formation  conditions  on  wovphologif,  miorostructure  and 
electric  properties  of  different  films.  Including  soms 
simple  oxides  (S102t  T102,  eto.)^^'^*^  as  well  as  oonplex 
ones  (e.g. ,  ferroeleotrlos).  It  Should  be  noted,  that  sol- 
gel  SIO2  and  TIO2  films  are  not  only  appropriate  model 
objects,  but  also  have  practical  Importance  In  micro- 
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eleotronioB  teohnologsr.  Tor  izvstanoe.  Tor  planarization  oT 

Intarlevel  dleleotrlo  oT  multilevel  metallization  of 

for  tapered  etohlng  of  allioon  oxlde^^,  and  aa  pas- 
20 

slvatlon  layers  on  GaAs.  At  the  same  time  TiOg  films,  ha¬ 
ving  high  dleleotrlo  oonstant  from  20  up  to  130,  oan  be 
used  as  a  gate  dleleotrlo  in  MISTBF  or  CCD  as  it  was  men- 
tlonod  earlier.  We  have  also  investigated  prooesses  of  film 
preparation  and  examined  eleotrloal  properties  for  a  number 
of  thin  ferroeleotrlo  films,  Inoludlng  llthlim  niobate  , 
barium  titanate  and  FZT.  Common  problems  of  these  films 
formation  on  silloon  substrates  are  a  growth  of  SIO2  sub¬ 
layer  on  the  film/substrate  Interfaoe  due  to  silloon  oxida¬ 
tion  and  ohemloal  Interaotlon  between  film  and  substrates. 
The  role  of  these  prooesses  Inoreases  with  growing  tempera- 

tixre  of  annealing  (the  thiokness  of  SiOo  sublayer  oan  recu>h 

22  ^ 

up  Lo  near  hundred  nm  )  and  deterioration  of  MFeS  structu¬ 
re  performanoes  takes  plaoe.  To  prevent  this,  it  is  neoes- 
sary  to  form  a  barrier  layer.  For  example,  the  protesting 
Sl^N^  layer  is  appropriate  to  prevent  growth  of  SlOg  sub¬ 
layer  during  BaTlO|j  film  formation.  This  leads  also  to 
deoreaslng  the  surface  state  density  on  ferroeleotrlo/seml- 
oonduotor  Interfaoe,  and,  woroover,  the  Interfaolal  per- 
formanoe  of  sol-gel  films  becomes  better  than  that  of  sput- 
tered  ones.  *  The  preparation  of  ferroeleotrlo  films  on 
metallized  substrates  is  an  easier  task.  Thus,  FZT  films 
with  the  thiokness  0.2-0. 4  pm  prepared  by  In  cooperation 
with  M.I.  Yanovskaja  (L.Ya.  Karpov  Institute  of  Fhysioal 

Chemistry)  on  Ft  and  Si-SiOo-Ft  substrates  have  coercive 

^  2 

voltage  w  1  7,  spontaneous  polarization  m  20  \iC/om  and 
dleleotrlo  constant  w  500. 
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CM  for  Papors 


Special  Issue  on  Piezoelectric 
and  Electrostrictive  Actuators 

A  special  issue  of  the  international  journal  Ferroelectrks  is  scheduled  for  1992  on  the 
subject  "Piezoelectric  and  Electrostrictive  Actuators." 

Recent  developments  in  piezoelectric  and  electrostrictive  ceramics  are  remarkable, 
especially  in  the  field  of  optics  and  precision  machinery.  Camera  shutters,  dot-matrix 
printers,  and  air  valves  have  been  widely  commercialized.  Ultrasonic  motors  will 
partially  replace  conventional  electromagnetic  motors  in  the  future. 

This  special  issue  will  cover  the  fundamental  studies  of  ceramic  actuators  and  ap¬ 
plications: 

1 .  Ceramic  actuator  materials — piezoelectrics,  electrostrictors,  phase  transition — 
related  ceramics 

2.  Fabrication  processes — powders,  tape  casting 

3.  Micro/macrostructure  —  grain  size  dependence,  monomorph,  electrode 
configuration 

4.  Control  technique — polarization  control,  pulse  drive  method 

5.  Applications — deformable  mirrors,  positioners,  pulse  drive  motors 

6.  Ultrasonic  motors 

Invited  and  contributed  papers  are  wd<x>me.  All  manuscripts  will  be  reviewed. 
Manuscripts  should  be  prepared  according  to  the  instructions  on  the  inside  back 
cover  of  'Teixoelectrics." 

Authors  are  cordially  invited  to  submit  their  papers  to  the  Guest  Editors  below: 

Professor  Kenji  Uchino 
Department  of  Physics 
Sophia  University 
Kioi-cho  7-1,  Chiyoda-ku 
Tokyo  102,  Japan 
or 

Materials  Research  Laboratory 
The  Pennsylvania  StateTIniversity 
University  Park,  PA  16802,  USA 
Ouly  1-September  30) 

Professor  L.  Eric  Cross 
Matoials  Research  Laboratory 
The  Petuisylvania  State  University 
University  Park,  PA  16802 

For  further  information,  please  feel  free  to  contact  the  Guest  Editors. 


First  Announcement 


The  Eighth 

INTERNATIONAL  MEETING  OF  FERROELECTRICITY 

8-13  August  1993 

National  Institute  of  Standards  and  Technology 
Gaithersburg,  Maryland  USA 


The  scope  of  the  conference  will  be  similar  to  that  of  the  preceding  1MF&  Both  invited  and  con¬ 
tributed  papers  will  be  presented  on  fundamental  and  applied  research  on  fenoelectrics,  including 
but  not  limited  to: 


Phase  transitions  and  critical  phenomena 

Electronic  structure,  quantum  effects 

Lattice  dynamics,  lattice  instabilities,  and  soft  modes 

First  principles  calculations 

Low-temperature  properties 

Superconductivity  in  oxides 

Charge  de'*'‘‘y  waves,  polarization  fluctuations 

Structure  and  crystal  growth 

X-ray  and  neutron  scattering 

Acoustic  and  ferroelastic  properties 

ETielectric,  piezoelectric,  and  pyroelectric  properties 

Optical  properties  and  phase  conjugation 

Modulated  and  incommensurate  systems 


Disordered  and  glassy  systems 
Domains,  domain  boundaries,  and  imperfections 
Ramair,  Brillouin,  IR,  and  submillimeter 
spectroscopy 

NMR.  E^,  PAC,  and  other  types  of  spectroscopy 

Electron  microscopy 

High-pressure  effects 

Polymers  and  liquid  crystals 

Ceramics  and  composite  materials 

Sensors,  actuators,  and  trairsducers 

Thin  films  and  surfaces 

Ferroelectric/ semiconductor  integration 


Wallace  A.  Smith  L  Eric  Cross  George  W.  Taylor 

Office  of  Naval  Research  Pennsylvania  State  University  Priitceton  Resources 

1MF8  Chairman  1MF8  Vice  Chairman  IMF8  ^ce  Chairman 


Ms.  Kathy  Kilirter,  IMF8  Conference  Manager 

To  receive  future  announcements.  National  Institute  of  Standards  and  Technology 

send  your  name  and  address  to:  Administration  Building,  Room  A917 

Gaithersburg,  MD  20899 

TEL  (301)  975-2776;  FAX  (301)  926-1630 


Title  and  Name  _ 

Institution  _ _ 

Department  _ 

Street  _ 

City/State/Zip  _ 

Country  _ 

Phone  _ 

FAX  _ 

□  I  will  present  a  paper  entitled: _ 

□  I  will  be  accompanied  by _ guests. 

n  I  will  attend,  but  will  not  present  a  paper. 

□  1  will  not  attend,  but  would  like  to  be  kept  informed. 


Aittofn^blcnut: 


ofJSPS: 


FirU  Amunmcement 


Magnetoelectric  Interaction 
Phenomena  in  Crystals 

2ncl  International  Conference 
September  13-18,  1993 

Centro  Stefano  Franscini,  Monte  Verity 
Ascona  (Ticino),  Switzerland 


GENERAL  INFORMATION 
ConTercncc  Site 

The  conference  will  be  held  at  the  Centro 
Stefano  Franscini,  Monte  Veritk,  Ascona,  on 
the  banks  of  Lago  Maggiore  in  the  Italian¬ 
speaking  part  of  Switzerland. 

Accommodatioa 

The  possibilities  of  getting  suitable  accom¬ 
modation  are  limited.  Lodging  facilities  are 
available  at  the  Centro  itself  for  about  60 
participants.  For  the  others,  hotels  in  nearby 
Ascona  are  foreseen,  but  it  cannot  be  guar¬ 
anteed  that  accommodation  can  be  found  for 
all  participants.  Moreover  the  lecture  room 
available  also  limits  the  total  number  of  par¬ 
ticipants. 

Second  Circular 

A  second  circular  with  a  call  for  papers  and 
more  detailed  information  will  be  sent  in  De¬ 
cember  1992  to  all  those  returning  the  at¬ 
tached  form  to; 

Mine  OdUe  Hirth/MEIPIC 

Secretariat  de  Chimie  appliqu^e 
Universite  de  Geneve,  Sciences  11 
30,  Quai  Ernest  Ansermet 

CH-1211  Geneve  4 

Suisse/Switzerland 

E-mail:  MEIPIC@sc2a.unige.ch 
Phone:  (+41)22-702-6408(Hirth) 

-6419  (Rivera) 

-6418  (Ye) 

-6111  (Exchange) 

Fax:  (  +  41)22-329-6102 

Telex:  421.159  SIAD 


Organization 

Organized  by  the  Department  of  Mineral, 
Analytical  and  Applied  Chemistry  of  the 
University  of  Geneva,  in  collaboration  with 
the  Laboratory  for  Neutron  Scattering  at  the 
Paul  Schener  Institute,  Wiirenlingen  and 
Villigen,  Switzerland  and  with  the  Institute 
for  Theoretical  Physics,  University  of  Nijme¬ 
gen,  The  Netherlands. 

Financial  support 

Swiss  Federal  Institute  of  Technology, 
Zurich. 

Motivation 

The  magnetoelectric  effect  foreseen  by  Lan¬ 
dau  and  Lifshitz  in  1956  has  been  predicted 
to  occur  in  chromiumoxyde  Cr,0,  by  Dzy- 
aloshinskii  (1960).  It  is  characterized  by  the 
appearance  of  an  electric  polarization  on  ap¬ 
plying  a  magnetic  field  and  a  magnetization 
on  applying  an  electric  field.  The  experi¬ 
mental  observation  of  the  effect  in  Cr,0,  fol¬ 
lowed  rapidly  (Astrov  1960, 1961;  Folen,  Rado 
and  Stalder  1961).  Thereafter  the  effect  was 
observed  and  studied  in  many  more  mate¬ 
rials. 

The  status  of  theoretical  understanding  and 
experimental  work  after  the  first  decade  of 
research  in  magnetoi '  ictricity  is  well  re¬ 
flected  by  the  book  3  He  Electrodynamics  of 
Magneto- Electric  Media  of  O’Dell  ( 1970)  and 
the  pi  ceedings  of  the  conference  Magne¬ 
toelectric  Interaction  Phenomena  in  Crystals 
held  in  1973  (Freeman  and  Schmid  1975). 
During  the  following  two  decades  of  research 
more  theoretical  and  experimental  know-how 
has  been  accumulated,  but  many  problems 


still  remain  unsolved.  It  has  become  clear, 
however,  that  the  magnetoelectric  effect  is 
an  invaluable  tool  for  studying  materials,  for 
example  the  magnetic  symmetry  and  phase 
transitions  of  magnetically  ordered  phases. 
These  facts  are  to  a  great  extent  still  ignored 
by  the  scientific  community  working  in  solid 
state  physics. 

Organizing  Committee 

H.  Schmid  (chairman), 

A.  Janner,  H.  Grimmer,  J.-P.  Rivera, 
Z.-G.  Ye. 

International  Advisory  Board 

Czechoslovakia:  V.  Janovec. 

France:  F.  Bertaut,  M.  Clin,  P.  Tol^dano 
Germany:  H.  G.  Kahle 
Great  Britain;  G.  Gehring,  D.  Tilley 
Israel:  S.  Shtrikman,  R.  M.  Homreich 
Japan:  J.  Kobayashi,  K.  Kohn,  K.  Siratori 
The  Netherlands:  T.  Janssen 
Poland:  J.  Bamas 
Russia:  M.  I.  Bichurin, 

A.  S.  Borovik- Romanov, 

R.  V.  Pisarev, 

Yu.  Venevtsev 

Switzerland:  E.  Ascher,  P.  Fischer, 

P.  Gunter 

Ukraine:  I.  E.  Chupis 

USA:  I.  Dzyaloshinskii,  G.  T.  Rado, 

J.  F.  Scott 


SCIENTinC  PROGRAM 

Fields  and  Special  Topics 


•  Frontier  fi**lds  (toroidal  moments,  ki- 
netoelectric  and  kinetomagnetic  effects, 
problems  of  magnetoelectricity  and  re¬ 
lated  symmetry  phenomena  in  quantum 
magnets,  e.g.  anyonic  systems  and  chiral 
phases). 

•  Synthesis,  structural  and  physical  prop¬ 
erties  of  magnetoelectric  materials  (sin¬ 
gle  crystals,  ceramics,  composites):  or¬ 
dinary  magnetoelectrics  and  complex 
ones,  such  as  ferromagnetic,  ferrimag- 
netic  or  antiferromagnetic  ferroelectrics, 
antiferroelectrics  and  ferroelastics 
(“Seignettomagnetics”). 

•  Magnetoelectric  effect  in  incommensu¬ 
rate  crystals  (modulated,  intergrowth  and 
quasicrystals). 

•  Magnetoelectrically  monitored  magnetic 
phases  and  phase  transitions. 

•  Field  induced  effects.  Static  magnetic  field 
induced  polarization,  electric  field  in¬ 
duced  magnetization,  quasistatic,  pulsed, 
dynamic  and  high  frequency. 

•  Optical  projjerties  (crystal  optics  of  mag¬ 
netoelectric  materials  in  transmission  a.id 
reflection;  magnetoelectrically  genet - 
ated  non-linear  optical  effects). 

•  Domains  and  domain  walls  (switching, 
symmetry  aspects,  coupling  with  applied 
fields,  stress,  etc.). 

•  Elementary  excitations  in  magnetoelec¬ 
tric  materials. 

•  Inhomogeneity  and  defect  induced  mag¬ 
netoelectric  effects. 

•  Measuring  techniques. 

•  Applications. 

Contributioiis  and  Proceedings 


•  Linear  and  higher  order  magnetoelec-  Plenary  sessions  of  tutorial  expositions  and 
trie,  piezomagnetoelectric  and  other  invited  lectures  selected  among  the  contrib- 
magnetoelectrically  related  effects.  uted  papers  are  foreseen,  as  well  as  posters. 

•  Relation  between  symmetry  and  mag-  Conference  proceedings  are  planned  to  be 

netoelectric  properties  (tensorial,  crys-  published.  Invited  lecturers  and  c  ntributing 
tallographic,  relativistic).  participants  are  asked  to  have  their  manu- 

•  Phenomenological  and  microscopic  the-  scripts  available  at  the  beginning  of  the  con- 
ories  (Landau  theory  of  phase  transi-  ference. 

tions,  exchange  effects).  All  papers  will  be  refereed. 


AmuMUKememt 


5th  International  Symposium 
on  Integrated  Ferroelectrics 

April  19,  20,  21,  1993 

Antlers  Doubletree  Hotel 
Colorado  Springs,  Colorado 

Chairman:  Prof.  C.  A.  Paz  de  Araujo 
Co-chairman:  Prof.  R.  Panholzer 
General  Technical  Program  Coordinator: 
Prof.  J.  F.  Scott 

Sympoakini  Sponsors 

Office  of  Naval  Research 
Defense  Advanced  Research  Projects  Agency 
Naval  Postgraduate  School 
University  of  Colorado  at  Colorado  Springs 


Call  for  Papers 


Deadline  for  abstracts — 
September  30,  1992 

This  is  the  5th  Annual  International  Sym¬ 
posium  dedicated  to  ferroelectric  thin-film 
materials  integrated  with  semiconductor  cir¬ 
cuits. 

Over  the  past  few  years,  interest  in  this 
field  of  integrated  ferroelectrics  has  grown 
beyond  ail  expectation  and  the  1993  sym¬ 
posium  should  attract  an  even  larger  number 
of  participants. 

Authors  are  invited  to  submit  a  300-word 
abstract  by  September  30,  1992.  Topics  in¬ 
clude  but  are  not  limited  to: 

•  ferroelectric  memories 

•  ferroelectric  and  pyroelectric  CCDs 

•  high  dielectric  constant  materials  for  inte¬ 
grated  circuits  (64  Mbit  DRAM,  etc.) 

•  ferroelectric  and  pyroelectric  sensors 

•  integrated  optics 

•  optical  storage 


•  radiation-related  subjects,  such  as  radiation 
hardness 

•  fundamental  properties 

•  process  and  substrates 

•  process  integration 

•  new  devices  and  architecture 

•  device  modeling 

•  materials  processing  and  integration 

•  supporting  circuitry  and  applications 

•  ferroelectric  ASICs 

•  smart  tags 

•  RF  identification 

•  neural  networks 

•  bypass  capacitors 

Abstracts  should  be  submitted  on  SVi  x 
1 1  paper  with  the  title  centered  in  upper  case, 
leaving  two  line  spaces,  then  the  author’s 
name  and  affiliation,  centered.  Up  to  two 
pages  of  pictures  or  figures  of  supporting  data 
may  be  included. 

Abstracts  will  be  juried  and  authors  will 
be  informed  of  acceptance  at  a  later  date. 


Deadline  f<Hr  Abstracts 


September  30,  1992 


RegtotraUea  Fee 

Before 

After 

April  5 

April  5 

General 

$275.00 

$350.00 

Government 

$225.00 

$300.00 

All  students 

$  40.00 

$  60.00 

One  copy  of  the  Symposium  Proceedings 
is  covered  by  the  registration  fee.  Additional 
copies  will  iK  available  at  $55.00  each. 

Hotel  Accommodortom 
Antlers  Doubletree  Hotel 

Single  Double 
General  $72.00  $82.00 

Government  $31.00  $71.00 

Please  make  hotel  reservations  for  the 
Symposium  before  A|nil  5,  1993  directly  with: 


Antlers  Doubletree  Hotel 
4  South  Cascade  Avenue 
Colorado  Springs.  Colorado  80903 
(719)  473-5600 

Send  check  or  money  order  made  payable 
to  Antlers  Doubletree  Hotel  or  guarantee 
your  reservation  with  a  major  credit  card. 

A  limited  number  of  economy  accommo¬ 
dations  are  available  in  the  proximity  of  the 
Antlers  Doubletree  Hotel. 

MaU  Abatnets  to: 

Alona  S.  Miller,  Symposium  Coordinator 
University  of  Colorado  at  Colorado  Springs 
1420  Austin  Bluffs  Parkway 
P.O.  Box  7150 

Colorado  Springs.  Colorado  80933 
Phone:  719-393-3488 
FAX:  719-594-4257 


FERROELECTRICS 

and  related  materials 

NOTES  FOR  CONTRIBUTORS 

Manuscripts  should  be  typewritten  with  double-spacing  and  submitted  in  triplicate.  Authors  are  re¬ 
quested  to  forward  their  manuscripts  to  either  the  Editor: 

G.  W.  Taylor 
Priacctoa  Reamirccs, 

P.O.  Box  211, 

Princeton,  New  Jcncy  eS540,  USA 

or  one  of  the  Associate  Editors; 

Peter  Gtater  Sidney  B.  Laof 

Iwtitnt  IBr  Deportment  of  Chendcal 

Qnanteneiektronik  EaffaMering 

ETH  Ben  Gnrlon  University  of 

CH  8093  ZAridi  the  Negev 

Switaeriand  Beer  Sheva  84120,  brad 

Submission  of  a  paper  to  Ferrotlectrics  will  be  taken  to  imply  that  it  represents  original  work  not 
previously  published,  that  it  is  not  being  considered  for  publication  elsewhere,  and  that  if  accepted  it 
will  not  be  published  elsewhere  in  the  same  form,  in  any  language,  without  the  consent  of  the  editors. 

It  is  a  condition  of  the  acceptance  by  the  editor  of  a  typescript  for  publication  that  the  publishers  acquire 
automatically  the  copyright  in  the  typescript  throughout  the  world. 

Manuscript  length:  The  maximum  length  preferred  is  33  units,  where  a  unit  is  a  double-spaced  typewritten 
page  or  one  figure.  Longer  papers,  or  papers  not  following  the  prescribed  editorial  format,  cannot  be 
guaranteed  prompt  publication. 

Abstracts  and  Key  Words:  Each  manuscript  should  contain  a  leading  abstract  of  approximately  100- 
ISO  words  and  be  accompanied  by  up  to  six  key  words  which  characterize  the  contents  of  the  paper. 

Figures  should  be  given  numbers  and  captions,  and  should  be  referred  to  in  the  text.  Captions  should 
be  collected  on  a  separate  sheet.  Please  label  each  figure  with  the  figure  number  and  the  name  of  the 
author.  Line  drawings  of  high  enough  quality  for  reproduction  should  be  prepared  in  India  ink  on  white 
paper  or  on  tracing  cloth;  coordinate  lettering  should  be  included.  Figures  should  be  planned  so  that 
they  reduce  to  a  ^  cm  column  width.  The  preferred  width  of  submitted  figures  is  12  to  15  cm,  with 
lettering  4  mm  high,  for  reduction  by  one-half.  Photographs  intended  for  halftone  reproduction  should 
be  good,  original  glossy  prints,  at  roughly  twice  the  desired  size.  Redrawing,  and  author’s  alterations 
in  excess  of  10%,  will  be  charged. 

Color  Plates:  Whenever  the  use  of  color  is  an  integral  part  of  the  research,  or  where  the  work  is 
generated  in  color,  the  journal  will  publish  the  color  illustrations  without  charge  to  authors.  Reprints 
in  color  will  carry  a  surcharge.  Please  write  to  the  Editor  for  details. 

Equations  should  be  typewritten  wherever  possible,  with  subscripts  and  superscripts  clearly  indicated. 
It  is  helpful  to  identify  unusual  symbols  in  the  margin. 

Units:  Acceptable  abbreviations  will  be  found  in  the  Style  Manual  of  the  American  Institute  of  Physics 
and  similar  manuals.  Metric  units  are  preferred. 

References  and  Notes  are  indicated  in  the  text  by  superior  numbers;  the  full  list  should  be  collected  and 
typed  on  a  separate  page  at  the  end  of  the  paper.  Listed  references  are  arranged  as  follows: 

1.  J.  C.  Slater,  J.  Chem.  Phys.  9,  16  (1941). 

2.  F.  Jona  and  G.  Shirane,  Ferroelectric  Crystals  (Pergamon  Press,  Oxford,  1962),  pp.  186-7. 
Proofs:  Page  proofs,  including  figures,  will  be  forwarded  by  air  mail  to  authors  for  checking. 

Reprints:  Reprints  may  be  purchased;  a  reprint  order  form  will  be  sent  with  page  proofs. 

There  are  no  page  charges  to  authors  or  to  institutions. 
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